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Abstract
The symmetry of the order parameter plays a decisive role in the physical
properties of the macroscopic quantum phenomena, especially ruthenium
oxide superconductor and superfluid 3He is known to have a p-wave sym-
metry. An ultracold atomic system can provide pairs having purely p-wave
symmetry using tunable p-wave Feshbach resonance. Therefore, the system
of ultracold atomic gases is a promising candidate to realize the p-wave
superfluidity. If p-wave superfluidity can be realized in ultracold atomic
gases, various studies such as measurement of the transition temperature
of p-wave superfluid, elucidation of thermodynamic properties, and obser-
vation of topological phase transition can be expected, and its impact is
significant.
The s-wave fermionic superfluids in ultracold atomic gases have already
been realized. On the other hand, p-wave superfluid has not yet been real-
ized in ultracold atomic gas systems although its importance has appealing
interest. The reason is that atomic losses increase enormously when the
magnitude of the p-wave interaction is increased using Feshbach resonance.
Against this drawback, in this research, we investigated the collisional prop-
erties of ultracold 6Li Fermi gas in three and quasi two-dimensions with
p-wave interactions. The magnetically induced p-wave Feshbach resonances
enable us to control the strength of interatomic interactions, which are char-
acterized by scattering volume. Our research is composed of the following
two themes.
An anisotropic feature of the p-wave interaction plays an essential role in
the emergence of various rich superfluid phases. Therefore, in the first ex-
periment, we selectively created p-wave Feshbach molecules in the ml = ±1
orbital angular momentum projection state of 6Li atoms trapped in quasi-
two-dimensions. For this purpose, we used an optical lattice potential prop-
agating along the direction of the quantization axis, which restrict the rel-
ative momentum of the atoms such that only the ml = ±1 molecular state
couples to the atoms at the Feshbach resonance despite the splitting be-
tween ml = 0 and ml = ±1 resonances is quite small. We observe the
hollow-centered dissociation profile, which is a clear indication of the se-
lective creation of p-wave molecules in the ml = ±1 states. We provided
further proof from the measurement of the dissociation energy of the p-wave
Feshbach molecules created with and without the optical lattice and devel-
oped a theoretical formulation to describe the sublinear dependence of the
dissociation energy on the magnetic field ramp rate for dissociation.
Control of the trap dimension of atoms helps to tune the interaction in
the particular angular momentum. Not only that, theoretical studies pre-
dicted that the atomic losses reduces in a two-dimensional trap compared
to three-dimensional trap. Therefore, in the second measurement, we sys-
tematically studied the two-body spin relaxation rate constant as a function
of temperature and the magnetic field near a p-wave Feshbach resonance in
a two-component Fermi gas of 6Li atoms trapped in three-dimensional and
quasi-two-dimensional traps. We can accurately reproduce our experimen-
tal results of two-body spin relaxation losses by a theoretical model that
incorporates the imaginary part to the inverse of the scattering volume in
the scattering amplitude expressions. Furthermore, we quantitatively show
that the two-body spin relaxation loss in the two-dimensional system is
smaller than that of the three-dimensional system.
The detailed understanding of the collision processes and the molecular
generation process in three and a two-dimensional atomic system can be
thought of as one essential step toward the realization of p-wave superfluid.
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Chapter 1
Introduction
In 1995, the first experimental realization of the Bose-Einstein Condensation (BEC) in
ultracold Bosonic gases had led to a revolution in atomic physics [1, 2], which is still on-
going. After three years in 1998, s-wave Feshbach resonances were observed in a 23Na
Bose-Einstein condensate [3] and a laser-cooled cloud of 85Rb [4]. The observation of
Feshbach resonances facilitate the control of the interatomic interaction via scattering
length tuned by external magnetic field. These Feshbach resonances occur when the
energy of two colliding atoms and a bound molecular state matches in the interatomic
potential [5, 6, 7]. Elastic scattering indeed highly enhanced in these experiments [3, 4]
but inelastic scattering due to molecule formation was also resonantly increased and
led to the substantial depletion of BEC [3]. These enormous losses of Bosonic ultracold
gases made them unlikely to achieved Bosonic superfluidity in the regime of strong
s-wave interactions. On the other hand, resonantly enhance inelastic scattering in
ultracold Bose gases proven to be a remarkable probe to enriched the understanding of
few- and many-body physics. Some prime examples are unitary Bose gases [8, 9] and
discovery of the Efimov state with universal geometric scaling [10].
B. DeMarco and D. Jin at JILA created the first degenerate Fermi gas of 40K
atoms after four years of BEC realization [11]. This discovery led to another boost
in atomic physics and numerous groups around the world are producing ultracold de-
generate Fermi gases of 40K and 6Li atoms till nowadays. After the realization of the
degenerate Fermi gases, experimentalists began to employ s-wave Feshbach resonances
to induce strong interactions between the non-identical (two-different hyperfine states)
fermions [12, 13, 14, 15, 16, 17, 18]. In the degenerate Fermi gases, the elastic scatter-
1
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ing rates greatly enhanced than the inelastic scattering rates unlike to the Bose gases.
Consequently, long-lived Feshbach molecules were observed [19, 20, 21, 22] and led to
the realization of the Bose-Einstein condensation of the molecules [23, 24, 25]. Fur-
thermore, tuning the magnetic field across the s-wave Feshbach resonance gave access
to the physics of the Bose-Einstein Condensation to Bardeen-Cooper-Schrieffer (BEC-
BCS) crossover [26], universal thermodynamic measurements [27, 28, 29], experiments
on collective excitations [30, 31], a formation of pairs [32], and observation of vortices
as the direct signature of Fermionic superfluidity [33].
The successful experiments on the atomic Fermi gases across s-wave Feshbach reso-
nances inspired studies towards fermionic atoms using p-wave Feshbach resonances [34,
35, 36, 37, 38]. Because the p-wave fermionic superfluids in cold atomic gases dis-
play some attractive features, which are absent in s-wave fermionic superfluids. The
p-wave fermionic gases with controllable interaction strengths across a p-wave Feshbach
resonance offer phase transitions between superfluid phases with different symmetries.
Theoretical studies predicted the phase transition from a px superfluid to a time-reversal
breaking px + ipy superfluid, as well as the topological quantum-phase transition from
a gapped to a gapless px+ ipy superfluid state [36, 37, 38, 39, 40, 41, 42]. Furthermore,
if fermions are confined in the two-dimensions, the vortices in the BCS topological
phase of the p-wave superfluid with ml = ±1 trap quasiparticles [43]. These quasipar-
ticles obey non-Abelian statistics [43] and may have potential applications to realize
decoherence-free quantum information processing [44].
The s-wave resonance scattering is naturally prohibited in Fermions prepared in
the same hyperfine ground state due to Pauli exclusion principle. Thus, leaving p-
wave scattering as the dominant scattering channel, which greatly enhanced in the
presence of p-wave Feshbach resonances. The p-wave scattering resonances can also
be enhanced in fermions of two different hyperfine ground state in the presence of
strong p-wave Feshbach resonances provided that the magnitude of the background
s-wave scattering be negligible. The p-wave Feshbach resonances have been detected
in ultracold Fermi gas of 40K [45, 46, 47] and 6Li [48, 49]. Furthermore, tuning the
elastic collision rates across the p-wave Feshbach resonances through scattering volume1
1 The cubic root of the scattering volume is the analog of scattering length and can be controlled
by external magnetic field.
2
have been demonstrated in 40K [45] and 6Li [50], and these studies provided necessary
information about the scattering parameters of the p-wave Feshbach resonances.
The p-wave Feshbach resonance is the essential tool for p-wave interactions and
pairing in cold atomic gases. The properties and structure of the p-wave Feshbach
resonance is different from s-wave Feshbach resonance. The p-wave Feshbach resonance
is inherently narrow and depends on scattering volume, effective range, and energy of
colliding atoms unlike broad s-wave Feshbach resonance, where interactions depend
only on scattering length 1. The p-wave Feshbach resonances possess doublet structure
originating from the different angular momentum projections ml = 0 and ml = ±1
due to dipole-dipole interactions between two atoms in a p-wave Feshbach molecular
state [46]. This splitting of Feshbach resonance is known to have a significant influence
on the resultant superfluid phases [37]. While the superfluid phase diagram becomes
simple for the case of a large resonance splitting, a rich and complicated superfluid
phase diagram is expected to appear for the case of a small resonance splitting due to
the varying anisotropy of the interactions, which depends sensitively on the magnetic
field [37].
A relatively large resonance splitting on the order of 0.5 G exists in ultracold 40K [45,
47, 53, 54]. This large splitting in ultracold 40K straightly allow the selective creation
of p-wave Feshbach molecules [53] and the selective observation of p-wave universal
thermodynamical relations [54] in both the ml = ±1 states and the ml = 0 states2.
In contrast, the splitting of the two resonances in 6Li is predicted to be less than
10 mG, which is quite small and unresolvable by external magnetic field [56]. The
reason is that the magnetic moment of the 6Li molecule being approximately 12 times
larger than that of the 40K molecule [57, 58]. Therefore, creation of p-wave Feshbach
molecules [48, 59, 60], measurement of binding energy [57], measurement of scattering
parameters [50], and measurement of three-body collisions [61] were performed with the
assumption of a single p-wave Feshbach resonance that contain the equal contribution
of both the ml = ±1 states and the ml = 0. Since, the small splitting is an essential
origin of the rich superfluid phase diagram, 6Li is an attractive system to study a p-
wave superfluid. However, the small splitting makes the experimental characterization
1Narrow s-wave Feshbach resonances also exist with different energy scaling [51, 52].
2S. Dong et al., observed a splitting of more than 1 G in ultracold mixtures of 85Rb-87Rb atoms [55].
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of p-wave Feshbach resonances quite challenging because of the incapability of accessing
each resonance independently.
In the present study, we first demonstrated the selective creation of p-wave Feshbach
molecules of 6Li atoms in the ml = ±1 states by using an optical lattice potential. We
used a one-dimensional optical lattice whose laser beam propagates along the quantiza-
tion axis to create a two-dimensional gas of atoms. As a result of the tight confinement
along the axial direction of lattice, the coupling of the atoms to the p-wave molecular
state of ml = 0 is suppressed and the coupling to the ml = ±1 state is singled out
despite the small splitting between ml = 0 and ml = ±1 resonances. In this configura-
tion, p-wave molecules in ml = ±1 are created by adiabatically ramping the magnetic
field across Feshbach resonance. To reveal the symmetry of the p-wave molecules, the
momentum distribution of the atoms dissociated from the molecules was captured,
showing a hollow-centered profile. We further confirmed the selective creation of the
p-wave Feshbach molecules in the ml = ±1 states from the dissociation dynamics of
the p-wave Feshbach molecules created purely in the ml = ±1 states and the mixture
of the ml = ±1 and ml = 0 states. We developed a theoretical formulation to explain
the dissociation energy as a function of the magnetic field ramp rate for molecular dis-
sociation. We show that the solution of the rate equation can quantitatively describe
the measured sub-linear dependence of the dissociation energy on the field ramp rate.
To go ahead toward p-wave superfluids, p-wave Feshbach molecules of ultracold
40K atoms were first created at JILLA [53]. However, very short lifetime (around
7 ms) of the p-wave Feshbach molecules made the 40K Fermi gas unlikely towards the
realization of p-wave superfluid phases. This shorter molecular lifetime was the result
of the combined effect of the three-body recombination losses and the two-body spin-
relaxation losses occurring at the same time [53]. These two loss mechanisms happened
at the same time because the p-wave Feshbach resonance does not exist in the lowest
hyperfine ground state of 40K. In contrast, p-wave Feshbach resonance in the lowest
hyperfine ground state of 6Li was observed in experiment [48, 49]. It was expected that
spin-relaxation losses energetically eliminated in 6Li Fermi gas of lowest hyperfine state,
and leaving only three-body collisional losses. The p-wave Feshbach molecules were
created in the lowest hyperfine ground state of 6Li Fermi gas [57, 59, 60], and it turned
out that ratio of elastic-to-inelastic collision rates is twice, which is insufficient towards
evaporative cooling [59, 62]. Consequently, it becomes challenging to achieve p-wave
4
fermionic superfluid phases in ultracold atomic Fermi gases due to the enormous three-
body recombination and the two-body spin-relaxation losses. Thus, fermions with p-
wave interactions encountered the fate similar to the Bosons with s-wave interactions in
respect of lifetime. Despite the shorter lifetime, fermionic gases with p-wave interactions
open up the possibility to explore anisotropic few-body physics [61, 63, 64, 65, 66, 67,
68, 69, 70]. However, universal Efimov bound states disappear in three dimensions, but
some non-universal trimmers have been predicted with quite short life time [66, 67].
Observation of short lifetime of the fermionic gases close to the p-wave Feshbach
resonance motivated the theoretical interest to find a way of suppressing the inelastic
collision rates. Some theoretical proposals suggested that confining the p-wave Fermi
gases in quasi-two dimensions1 can improve the stability [41, 69, 71] and more enhanced
stability is predicted for the case of one-dimensional p-wave Fermi gas [71]2. In addi-
tion to the suppression of the atomic losses, confining the p-wave Fermi gases into 2D
makes the few-body physics more enriched [72, 73, 74, 75, 76, 77, 78]. For example, a
series of super-Efimov bound states have been predicted with universal double exponen-
tial scaling in identical fermionic atoms with ml = ±1 angular momentum state [72].
Therefore, it is crucial to understand the inelastic collisions in ultracold fermionic gases
with p-wave interactions by changing the trap geometry.
As mentioned above that the two-body relaxation losses and the three-body recom-
bination losses strongly influenced to shorten the lifetime of the Fermi gases [53, 59].
Three-body recombination process in complicated and harder to explain compared to
the two-body relaxation process in the cold atomic Fermi gases. Therefore, we first
focused on the two-body dipolar relaxation in a two-component Fermi gas of 6Li atoms
confined in three dimensions (3D) and quasi-2D. We have shown that the three-body
contribution in the two-component Fermi gas can be removed by lowering the density.
Thus, leaving the dominant two-body relaxation process. Our experimental results
of the two-body relaxation coefficients versus the interatomic interaction strength and
temperature can be systematically explained by including a single parameter for the
imaginary part to the inverse of the scattering volume in the scattering amplitude for
3D and quasi-2D atomic Fermi gases. The imaginary scattering volume quantifies the
1In quasi-2D, there is a finite width along confinement direction compare to the ideal 2D case where
width along confinement direction is zero. In this thesis, 2D means quasi-2D.
2Very recent, B. Bazak and D. S. Petrov predicted sufficient long lifetime for p-wave pairing in
two-dimensional Bose-Fermi systems, see arXiv:1807.06801.
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measure of the efficiency of dipolar relaxation losses. We observed approximately one
order suppression of relaxation losses in quasi-2D compared to the 3D case. The ob-
served loss suppression in quasi-2D traps may provide a promising strategy to realize a
p-wave superfluid in a system of ultracold atoms. Furthermore, the systematic under-
standing of the two-body inelastic collision losses may provide the insight direction to
explain the three-body recombination process. This thesis is organized as follow.
Chapter 2 provided a review of fundamental quantities such as density distribution,
chemical potential, average energy per particle, Fermi energy, Fermi radii, and de-
generacy parameter for cold atomic Fermi gas trapped in three and two-dimensional
harmonic trap at zero and finite temperature.
Chapter 3 described the apparatus to realize three-dimensional degenerate Fermi gas
of 6Li atoms. We mainly discussed vacuum system, magnetic coils system to control
the interactions, laser systems for magneto-optical trap, absorption imaging technique
and forced evaporative cooling in a single focus-beam optical dipole trap.
Chapter 4 described experimental realization of two-dimensional Fermi gas by us-
ing an optical lattice. We discussed principles of optical lattice and its experimental
characterization. Finally, we explained Band mapping technique and estimation of
degeneracy parameter.
Chapter 5 described the fundamentals of p-wave scattering process in three and two
dimensions. We review the derivation of scattering amplitudes. Finally, we provided a
detail explanation of the p-wave Feshbach resonance along with experimental observa-
tions.
Chapter 6 is devoted to the demonstration of the selective creation of p-wave Feshbach
molecules of 6Li atoms in the ml = ±1 states. We also explained molecule creations
methods, dissociation energy and the lifetime of p-wave Feshbach molecules.
Chapter 7 described the details of the two-body spin relaxation losses (dipolar losses)
in a two-component Fermi gas of 6Li atoms confined in three dimensions and quasi-2D.
We presented experimental results of the two-body relaxation coefficient as a function
of density, interaction strength, and temperature along with the theoretical discussion.
Chapter 8 presented the summary of main results obtained in this study and gave
an outlook on future studies towards three-body collisions and fermionic superfluidity
with p-wave interactions.
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Chapter 2
Fermi Gases in a Harmonic Trap
An electron moving around the nucleus has a de Broglie wavelength larger than its
size and follows the quantum rule. Being Fermionic nature electrons follows Fermi-
Dirac distribution and obeys the Pauli Exclusion principle. On the other hand, Bose
particles such as Cooper pairs are free from obeying the Pauli Exclusion principle and
follows Bose-Einstein statistics. Atom is roughly 10,000 time heavier than electron and
suppose we have millions of atoms in a sample at room temperature. The de Broglie
wavelength at temperature T = 300K will be
λdB =
√
2pi~2
mkBT
∼ 0.7a0, (2.1)
which is much smaller than the typical interparticle distance L ∼ n1/3, where a0 is
Bohr radius and n is the density of atomic sample. As a result, phase space density
D = nλ3dB  1 and atoms follow classical Maxwell Boltzmann distribution:
f(E) =
1
e(E−µ)/kBT
. (2.2)
In this situation, it becomes irrelevant whether atoms are Fermions or Bosons. Here,
µ is chemical potential and E is the energy.
The temperature of a sample is related to the average atomic velocity by mv2/2 =
kBT . Therefore, the temperature can be reduced by decreasing the velocity of atoms by
some mechanism like laser cooling or evaporative cooling. The decrease in temperature
will increase de Broglie wavelength. Hence, phase space density will increase towards
unity. Now consider the situation at the temperature of T = kB × 1 µK. At this
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temperature λdB ∼ 13477a0, which is roughly larger or comparable to L. At this point,
atoms will come under the rule of quantum statistics. Atoms have to decide whether
they want to obey the Pauli principle or not. Suppose this sample is a gas of fermionic
atoms says 6Li atoms. In this case, atoms will follow Fermi-Dirac distribution
f(E) =
1
e(E−µ)/kBT + 1
, (2.3)
and fermionic 6Li atoms fill up the low lying energy states with one atom per spin
state in accordance with the Pauli-principle. At zero temperature fermions fill up all
states up to the Fermi energy with exactly one atom per spin state. On the other
hand, if gas is composed of Boson atoms says 7Li atoms. In this case, atoms will follow
Bose-Einstein distribution
f(E) =
1
e(E−µ)/kBT − 1 , (2.4)
and multiple bosons begin to pile up to the ground state because they are free from
obeying the Pauli-principle. At zero temperature all Bose atoms condensed in the
ground state, this phenomenon is called Bose-Einstein condensation. The above dis-
cussion is schematically depicted in Fig. 2.1.
We will focus our attention towards degenerate fermions because of its relevance
in this work. One of the basic difference between ultracold atomic Fermi gases and
electron gases in a bulk metal is that the ultracold atomic gases are trapped in har-
monic traps and makes its density distribution non-uniform. In literature, extensive
studies are available about 3D harmonically trapped Fermi gases [79, 80, 81, 82] and 2D
harmonically trapped Fermi gases [83, 84, 85, 86, 87, 88, 89]. Therefore, in this chap-
ter, we review the basics of ultracold atomic Fermi gases in three and two-dimensional
harmonic traps from the literature.
2.1 Three dimensional Fermi gas
In order to discuss the effects of harmonic trap potential on ultracold atomic Fermi
gases, we consider an ideal Fermi gas in a harmonic trap potential
V (r) =
1
2
m
(
ω2xx
2 + ω2yy
2 + ω2zz
2
)
, (2.5)
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Figure 2.1: Classical, Bose and Fermi gases. At high temperatures when phase space
density D  1, there is no distinction between Bose and Fermi gases. As the temperature
becomes lower to degenerate point at which D ≥ 1, atoms will come under the rule of
quantum statistics. Fermions will follow Fermi-Dirac distribution while Bosons will follow
Bose-Einstein distribution. At temperature T = 0, fermions are filled up to lowest available
energy state called Fermi energy EF and all Bosons condensed into the ground state.
where m is mass of atoms and ωx,y,z are the trapping frequencies in x, y and z directions.
The quantized single particle energy will be
E =
∑
i=x,y,z
~
(
ni +
1
2
)
ωi, (2.6)
The zero point energy ~ωi/2 can be neglected due to the condition of kBT  ~ωx,y,z [90],
and E = ni~ωi can be treated as continuous. Therefore, density of state in d-dimensions
can be written as
gd(E) =
Ed−1
(d− 1)!∏di=1 ~ωi . (2.7)
For 3D case, d = 3, which results
g3(E) =
E2
2~3ω˜3
, (2.8)
where ω˜ = (ωxωyωz)
1/3 is the mean trap frequency.
2.1.1 Zero temperature case
Consider ideal Fermi gas at T = 0. In this case, Fermi-Dirac distribution Eq. (2.3)
becomes a step function Θ(EF−E). Here, EF is the Fermi energy of the gas which can
9
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be extracted from the total number of atoms
N =
∫ ∞
0
g3(E)f(E)dE =
∫ EF
0
E2
2~3ω˜3
dE. (2.9)
This will result
EF = ~ω˜(6N)1/3 = kBTF, (2.10)
where TF is the Fermi temperature. Hence, Fermi energy depends on trapping frequen-
cies of harmonic potential and number of atoms. To calculate the density distribution
at T = 0 semi-classical local density approximation (LDA) can be used, which assume
that the sample can be approximated by a uniform gas at any local position. There-
fore, at some position r, we consider total number of states that fill the momentum
sphere of radius ~kF, where kF =
√
2mEF/~2 is the Fermi wave vector. Then, density
distribution is simply written as
n(r) =
4
3
(~kF)3
1
(2pi~)3
. (2.11)
Using the Thomas Fermi approximation, (~kF)2/(2m)+V (r) = EF, the above equation
will become
n(r, T = 0) =
1
6pi2
[
2m(EF − V (r))
~2
]3/2
. (2.12)
The maximum extension of the atomic cloud is set by the condition V (r) = EF, which
gives following expression for Fermi radii
Ri =
√
~
mω˜
(48N)1/6
ω˜
ωi
. (2.13)
Substituting relations of Fermi radii and Eq. (2.5) in the Eq. (2.12), density distribution
becomes
n(r, T = 0) =
8N
pi2RxRyRz
[
1−
(
x2
R2x
)
−
(
y2
R2y
)
−
(
z2
R2z
)]3/2
. (2.14)
At the center of the trap, the peak density is
n(r = 0, T = 0) =
8N
pi2RxRyRz
. (2.15)
Using the values of Fermi radii from Eq. (2.13), Fermi energy can also written as
EF =
~2
2m
(6pi2n)2/3. (2.16)
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This expression is similar to the Fermi energy of the homogenous gas with density
replaced by the density of gas in harmonic trap, which is determine by trap geometry
i.e., trap frequencies.
In experiment, we took two dimensional image of the atomic cloud integrated along
the propagation direction of the imaging light. Integrate Eq. (2.14) twice over y and z
direction gives 1D column density
n(x, T = 0) =
16N
5piRx
[
1−
(
x2
R2x
)]5/2
. (2.17)
The root mean square radius is
〈
x2
〉
=
∫ Rx
−Rx
x2n(x, T = 0)dx =
NR2x
8
. (2.18)
As a result, average energy per particle at zero temperature is
〈E〉
N
=
3mω2x
〈
x2
〉
2
=
3
4
EF, (2.19)
which is 75% of the Fermi energy.
2.1.2 Non-zero temperature case
In real experiment, temperature is non zero but less than Fermi temperature TF. There-
fore, it is important to understand that how the situation changes from T = 0 case. We
start with writing the generalized density of the atomic cloud in Cartesian coordinates
(r-p space) normalizes to the total number of atoms [79]
n(r, p) =
Nf(r, p)∫
drdpf(r, p)
. (2.20)
Here, f(r, p) is the occupation number distribution. Integrating over momentum and
spatial dimensions will give the density distribution
n(r) =
N∫
drdpf(r, p)
×
∫
f(r, p)dp (2.21)
and momentum distribution
n(p) =
N∫
drdpf(r, p)
×
∫
f(r, p)dr, (2.22)
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respectively. In case of Fermi-Dirac distribution
f(r, p) =
1
e(H−µ)/kBT + 1
, (2.23)
where Hamiltonian of the system is H = p2/2m + V (r). Substituting above equation
in Eq. (2.21), we can write the integral part in spherical coordinates as follow
I1 =
∫
f(r, p)dp =
1
ζ
∫
4pip2dp
eβp2/2m + 1
, (2.24)
where β = 1/kBT and ζ = e
β[V (r)−µ]. Using the substitution of t = βp2/2m and
applying the following integral property of the PolyLogrithm function Li
Liν(ζ) =
ζ
Γ(ν)
∫ ∞
0
tν−1dt
et − ζ , (2.25)
integral can be expressed as follow
I1 = − 1
λ3th
Li3/2(−ζ). (2.26)
Here, λth =
√
2pi~2/mkBT is the thermal de Broglie wavelength. Using the harmonic
potential of Eq. (2.5), integral value becomes
I1 = − 1
λ3th
Li3/2
[
−ξ e
(
− x2
σ2x
− y2
σ2y
− z2
σ2z
)]
. (2.27)
Here, ξ = e−µ/kBT is called fugacity while atomic widths are σi =
√
2kBT/mω2i with
i = x, y, z. Using this integral in the Eq. (2.21) gives density distribution
n(r) =
NLi3/2
[
−ξ e
(
− x2
σ2x
− y2
σ2y
− z2
σ2z
)]
∫
Li3/2
[
−ξ e
(
− x2
σ2x
− y2
σ2y
− z2
σ2z
)]
4pir2dr
. (2.28)
The integral in the denominator can simply solve using the following property∫ ∞
−∞
dxLiν(ξe
−x2) =
√
piLiν+1/2(ξ). (2.29)
Now we obtained the final expression for the density distribution
n(r) =
N
pi3/2σxσyσz
×
Li3/2
[
−ξ e
(
− x2
σ2x
− y2
σ2y
− z2
σ2z
)]
Li3[−ξ] . (2.30)
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Integrating above equation over y and z directions gives 1D distribution
n(x) =
N√
piσx
×
Li5/2
[
−ξ e−
x2
σ2x
]
Li3[−ξ] . (2.31)
Total number of atoms at non-zero temperature can be obtained using the property of
PolyLog integral Eq. (2.25) in the Eq. (2.9) that simply gives
N = −
(
kBT
~ω˜
)3
Li3(−ξ). (2.32)
The degeneracy parameter T/TF can be obtained by substituting the above equation
in the expression of Fermi energy (see Eq. (2.10)), which gives
T
TF
= [−6 Li3(−ξ)]−1/3 . (2.33)
Similarly, average energy from Eq. (2.25) and Eq. (2.9) becomes
〈E〉
N
= − 3
N
(kBT )
4
(~ω˜)3
Li4(−ξ)
= −18EF
(
T
TF
)4
Li4(−ξ).
(2.34)
In the non-degenerate regime when T/TF > 1, atomic sample follows the Maxwell
Boltzmann distribution. One dimensional Boltzmann distribution of atoms trapped in
harmonic trap is given by
n(x) =
N√
piσx
e
− x2
σ2x , (2.35)
which is obtained by integrating the three dimensional density profile along y and z
directions.
2.2 Two dimensional Fermi gas
Suppose, we increase the confinement strength in z-direction such that frequency in this
transverse direction is much larger than the radial frequency in x-y direction. We can
assign such a system as a two-dimensional harmonically trapped gas. In this geometry,
the axial energy exceeded the thermal and the Fermi energy that is ~ωz > (kBT , EF),
where ωz is the axial trapping frequency. As a result, the motion of the atoms freezes
out in the transverse direction such that the only available degrees of freedom are those
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in the radial direction. We assumed an ideal Fermi gas in a 2D harmonic trap potential
of
V (r) =
1
2
m
(
ω2xx
2 + ω2yy
2
)
. (2.36)
Using d = 2 in the general form of the density of state given by Eq. 2.7, the 2D density
of state can be written as
g2(E) =
E
~2ω2r
, (2.37)
where ωr = (ωxωy)
1/2 is the 2D mean trap frequency.
2.2.1 Zero temperature case
Proceeding in a manner similar to the 3D harmonically trapped Fermi gas, Fermi energy
in 2D can be calculated from total number of particle
N =
∫ EF,2D
0
g2(E)f(E)dE. (2.38)
Fermi Dirac distribution will be step function at T = 0. As a result
EF = ~ωr(2N)1/2 = kBTF, (2.39)
where we skip the index of 2D for simplicity. The Fermi energy in 2D is scaled to N1/2
where as in 3D it is scaled to N1/3.
To calculate the density distribution at T = 0, we consider all the states that fill
the momentum surface of radius ~qF, where qF =
√
2mEF/~2 is the 2D Fermi wave
vector. Then, 2D density distribution is simply written as
n2D(r) = pi(~qF)2
1
(2pi~)2
. (2.40)
Using the Thomas Fermi approximation
n2D(r, T = 0) =
1
4pi
[
2m(EF − V (r))
~2
]
. (2.41)
The maximum extension of the atomic cloud in radial direction is set by the condition
V (r) = EF. This condition yields 2D Fermi radii
Ri =
√
~
mωr
(8N)1/4
ωr
ωi
, i = x, y. (2.42)
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We see that the exponent of the atom number goes as N1/4 in the 2D case, whereas in
the 3D case it goes as N1/6 as can be seen from Eq. (2.13).
The atomic cloud is in the lowest transverse oscillator state in the tightly con-
fined direction. The extension of the atomic cloud in tightly confined direction can
be assumed as a width of the Gaussian function equivalent to the harmonic oscillator
length lz =
√
~/(mωz). Therefore, transverse confinement strength can be stronger
with larger confinement frequency ωz.
Substituting Eq. (2.36) and Eq. (2.42) in the Eq. (2.41) gives the following expression
of density distribution
n2D(r, T = 0) =
2N
piRxRy
[
1−
(
x2
R2x
)
−
(
y2
R2y
)]
. (2.43)
The peak density at the center of the trap is
n2D(r = 0, T = 0) =
2N
piRxRy
. (2.44)
Using the values of Fermi radii from Eq. (2.42), Fermi energy can also written as follow
EF =
~2
2m
(4pin2D). (2.45)
This expression is similar to the Fermi energy of the 2D homogenous gas with density
replaced by the density of gas in 2D harmonic trap. Moreover, in 2D Fermi energy
is linear proportional to density where as in 3D it is proportional to n2/3. We can
integrate Eq. (2.43) over y direction to get 1D column density
n2D(x, T = 0) =
8N
3piRx
[
1−
(
x2
R2x
)]3/2
. (2.46)
From this expression we can write the root mean square radius
〈
x2
〉
=
∫ Rx
−Rx
x2n2D(x, T = 0)dx =
NR2x
6
. (2.47)
As a result, average energy per particle in 2D case is
〈E〉
N
= 2× mω
2
x
〈
x2
〉
2
=
2
3
EF, (2.48)
which 66% of the Fermi energy: smaller than 3D case.
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Figure 2.2: Chemical potential µ and average energy 〈E〉 per particle in 3D (solid curve)
and in 2D (green dashed curve) as function of degeneracy parameter T/TF.
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As discussed in the start that the condition for the two-dimensionality is ~ωz > EF.
From this condition, the maximum critical number of atoms required to keep the system
in 2D can be found by using Eq. 2.39, which gives [86]
Ncrit =
1
2
(
ωz
ωr
)2
. (2.49)
This formula does not include the effect of interactions, finite temperature or trap an-
harmonicities. However, these effects do not change the basic need for a large anisotropy
in the trapping potential [83]. In our experiment aspect ratio ωz/ωr is 265, which cor-
responds to Ncrit ∼ 35000. We typically prepared around one order smaller number
of atoms to remain well below this limit and thus assumed that our system behaves
quasi-two dimensional.
2.2.2 Non-zero temperature case
The density distribution of atoms confined in 2D at non zero temperature can be
obtained by integrating Eq. (2.21) over polar coordinates. This results
n2D(x, y) =
N
piσxσyLi2(−ξ) × Li1
(
−ξ e−
x2
σ2x
− y2
σ2y
)
. (2.50)
Two dimensional peak density of Thomos Fermi profile at the center of trap can be
written in the following convenient form
npeak2D =
2N
piRxRy
(
T
TF
)
ln(1 + ξ). (2.51)
Here, the condition x = y = 0 and the property Li1(λ) = − ln(1 + ξ) in the Eq. (2.50)
is used. Integrating over y-direction yields one dimensional density profile is
n2D(x) =
N√
piσxLi2(−ξ) × Li3/2
(
−ξ e−
x2
σ2x
)
. (2.52)
From Eq. (2.38), it is straight forward to derived the relations of total number of atoms
N and degeneracy parameter T/TF
N = −
(
kBT
~ωr
)2
Li2(−ξ), (2.53)
T
TF
= [−2Li2(−ξ)]−1/2 . (2.54)
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Figure 2.3: Upper: Zero temperature (T/TF = 0) theoretical density profile for 3D
evaluated from Eq. (2.17) is shown by solid curve while for 2D evaluated from Eq. (2.46)
is shown by dashed curve. Lower: Theoretical density profile at T/TF = 0.2 for 3D case
evaluated from Eq. (2.31) is shown by solid curve while and for 2D evaluated from Eq. (2.52)
is shown by dashed curve.
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Table 2.1: Summary of harmonically trapped Fermi gases in 3D and 2D.
Quantity 3D 2D
g(E) E2/(2~3ω˜3) E/(~2ω2r )
EF ~ω˜(6N)1/3 ~ωr(2N)1/2
Ri
√
~
mω˜ (48N)
1/6 ω˜
ωi
√
~
mωr
(8N)1/4 ωrωi
〈E〉
N (T = 0)
3
4EF
2
3EF
n(x, T = 0) 16N5piRx
[
1−
(
x2
R2x
)]5/2
8N
3piRx
[
1−
(
x2
R2x
)]3/2
N −
(
kBT
~ω˜
)3
Li3(−ξ) −
(
kBT
~ωr
)2
Li2(−ξ)
T
TF
[−6 Li3(−ξ)]−1/3 [−2Li2(−ξ)]−1/2
〈E〉
N (T 6= 0) −18EF
(
T
TF
)4
Li4(−ξ) −4EF
(
T
TF
)3
Li3(ξ)
n(x, T 6= 0) NLi5/2(−ξ e
−x2/σ2x )√
piσxLi3(−ξ)
NLi3/2(−ξ e−x
2/σ2x )√
piσxLi2(−ξ)
Similarly, average particle energy 〈E〉 in 2D is
〈E〉
N
=
2
N
(kBT )
3
(~ωr)2
Li3(ξ)
= −4EF
(
T
TF
)3
Li3(ξ).
(2.55)
Figure 2.2 shows chemical potential µ and average energy 〈E〉 per particle in 3D (solid
curve) and in 2D (green dashed curve) as function of degeneracy parameter T/TF. The
difference of chemical potential and average energy per particle in 3D and 2D increases
with increase of degeneracy parameter.
Theoretical density profile from Eq. (2.17) for 3D (solid curve), and from Eq. (2.46)
for 2D (dashed curve) at T/TF = 0 is shown in upper panel of Fig. 2.3. While theoretical
density profile from Eq. (2.31) for 3D (solid curve), and from Eq. (2.52) for 2D (dashed
curve) at T/TF = 0.2 is shown in the lower panel of Fig. 2.3.
In the non-degenerate regime of the gas when T/TF > 1, The atomic gases in 2D
follows the Maxwell Boltzmann distribution similar to the 3D case. The difference is
that in 2D particle have relative momentum only in x-y plane.
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2.3 Summary
In short, density distributions, Fermi energy, Fermi radii, degeneracy parameter, av-
erage particle energy of the harmonically trapped Fermi gases have different scaling
behaviors in three and two dimension at zero and as well as at non-zero temperature.
A summary of the relevant quantities of Fermi gases in two and three dimensions is
shown in table 2.1. However, in the thermal regime when T/TF > 1, quantum statisti-
cal rules become irrelevant, and density distribution for both 3D and 2D harmonically
trapped atoms follows Maxwell Boltzmann distribution whose width is determined by
trapping frequency and temperature.
20
Chapter 3
Experimental Setup
We reviewed the main properties of the harmonically trapped Fermi gases in three
dimensions in the previous chapter. This chapter is devoted to the discussion on exper-
imental tools and procedures to realized ultracold three-dimensional Fermi gas. Most of
the discussion on experimental setup have already been explained in some previous the-
ses from our lab [91, 92, 93]. In this chapter, we review the discussion on experimental
setup and also includes the few updates in the experiments.
We performed all the experiment in ultra high vacuum degree. Atoms are evapo-
rated from the oven by heating and slow down by Zeeman slower and finally captured
in magneto-optical trapped (MOT) at the center of the ultra-high vacuum glass cell.
The temperature of the atoms captured in MOT is far from the degeneracy regime.
Therefore, atoms are transferred into single far-off resonant optical dipole trap via cav-
ity enhanced optical dipole trap. Finally, forced evaporation cooling technique lead
us to realize three dimensional degenerate Fermi gas of 6Li atoms in a single far-off
resonant optical dipole .
3.1 Vacuum apparatus
Experiments were carried out in an ultra-high vacuum (UHV) chamber. The required
degree of vacuum is on the order of 10−11 Torr, which is low enough to performed
evaporative cooling. We used enriched 6Li metal (96 % enriched) atomic source. The
vacuum apparatus consists of the oven, source chamber, Zeeman slower, glass cell, main
side chamber, and Zeeman slower viewport as shown in Fig. 3.1.
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Figure 3.1: This picture represents the vacuum apparatus described in this chapter.
These pictures were taken during the rebuilding of experimental setup at Osaka University.
22
3.1 Vacuum apparatus
Oven:
Oven consists of a source and nozzle part. We filled the source part with 2 g chunks of
6Li metal. The nozzle has a 4 mm aperture with the length of 7 cm. We wrapped both
the source and the nozzle with separate thermocoax cable. Lithium has a negligible
vapor pressure at room temperature. Therefore, we heated the source part to the
temperature of 420 oC, well above the 6Li melting temperature of 180 oC. The operating
temperature of the nozzle part was always kept higher than the temperature of the
source part to avoid the nozzle clogging. Typical temperature of the nozzle is about
500-520 oC.
At the temperature of 410 oC, the vapor pressure inside the oven can be approxi-
mated as [94]
p = 108.061−8310/T [K] ≈ 6× 10−7 Torr. (3.1)
The corresponding mean free path λmean is [95]
λmean =
kBT√
2pσ
. (3.2)
Using the collisional cross section for Lithium σ = 7.6 × 10−20 m2 [94], the mean free
path is approximately 11 m. This mean free path is much longer than the length of the
oven, which is 6 cm. Therefore, collision of atoms with each other is irrelevant. The
average velocity of atoms in oven is
vave =
√
8kBT
pim
≈ 1550 m/s. (3.3)
The rate of the number of atoms leaving the oven through the nozzle of area A is
N˙ =
Avavep
4kBT
≈ 4× 1015 atoms/s. (3.4)
From this, estimated lifetime of our oven is approximately one and half year.
Source Chamber:
We connected the nozzle to the source chamber via nickel gaskets instead of a copper
gasket to avoid alloying effect at the high temperature. The stainless source chamber
contains two ion getter pumps (Varian, Star Cell, 75 L/s). To provide differential
pumping the chamber is divided into two partitions with collimation aperture of 5 mm.
One ion getter pump is connected before the partition and the second one after the
partition.
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In the beginning stage of building our experiment, we baked the source chamber for
three to four weeks by using electric heating cables. This process removed the residuals
from the surfaces of the chamber and enhanced the vacuum quality further to one
order lower. The two ion pumps are always kept on to maintain the vacuum inside the
source chamber and remove the residual gases. Just after the partition, a homemade
mechanical shutter is included to control the atomic beam for the experiment. The
average velocity of atoms in atomic beam vabave increases by a factor of 3pi/8 from the
one in the oven that is vabave = (3pi/8)× vave [96].
Zeeman slower flux:
A metallic gate valve connects the source chamber to the Zeeman slower. Length and
aperture of the Zeeman slower tube are 40 cm and 4 mm, respectively. Atoms get
decelerated while passing through Zeeman slower in the presence of resonant light and
discussed in details later. The flux Φ of atoms entering into Zeeman slower tube per
second is [97]
Φ =
1
4
p
kBT
× AA
′vabave
A′ + pid2
. (3.5)
Here, A′ is the area of the Zeeman slower aperture and d = 40 cm is the total distance
between the two apertures. As a result, we get the flux of Φ ∼ 1.2 × 1011 atoms/s,
which becomes equivalent to the flux into glass cell in the absence of Zeeman slower
light.
Glass cell:
Zeeman slower is attached to ultra-high vacuum glass cell (UHV) through differential
pumping tube of length 9 cm and aperture 4 mm. This differential pumping improves
the degree of vacuum twice in the main chamber. The glass cell is made from fused
silica glass with outer dimensions of 45×45×120 mm3. The wall thickness of the glass
cell is 5 mm. The glass cell is susceptible to mechanical stress. Hence, at least one end
of the glass cell has to be mounted flexibly to allow some relaxation. In our set-up, the
glass cell is therefore attached to the main chamber by a flexible flange.
Main chamber:
The following main chamber made up of stainless maintains the ultra-high vacuum in
the glass cell. A 300 L/s ion getter pump and a titanium sublimation pump are attached
to the chamber. Ion gauge is included in the chamber to monitor the pressure. In the
main chamber, the typical degree of vacuum by the ion gauge is 3× 10−11 Torr.
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Figure 3.2: (a) We placed the UHV glass cell between the pair of coils. The red cloud
in the center of UHV glass cell shows the atoms captured by reconstructed CMOT setup
at Osaka University. (b) The layout of the H-bridge switching circuit used to change the
magnetic field from Helmholtz to anti-Helmholtz configuration [91].
Zeeman slower viewport:
At the end of the main chamber, we installed a glass viewport through which Zeeman
slower light enters. The atomic beam gets coated on the viewport over the passage
of time. This lithium coating effectively reduces the intensity of slowing light and
eventually decreases the atomic loading rate. We can not heat the viewport above
100 0C to remove residual lithium because of the non-resistive nature of the glass against
lithium. Therefore, UV light emitted from a commercial halogen lamp is shined during
downtime to remove the coating.
3.2 Magnetic coils
In our experiment, we need three kinds of magnetic fields. A quadratic magnetic field
for magneto-optical trap, a homogeneous magnetic field for changing the interactions,
and fast sweep magnetic field for a quick change in interactions. We generate quadratic
and homogenous magnetic field from the one pair of coils shown in Fig. 3.2. The Fig. 3.2
(a) shows the layout of coil pair. The glass cell location is between the coil pair. The
red atomic cloud at the center of the glass cell shows the trapped atom in a magneto-
optical trap. In our experiment, each coil consists of 27 copper tubes. The inner and
outer diameter of the copper tube is 4 and 6 mm, respectively. This diameter is large
enough for the flow of cooling water.
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By making the coil pair in the anti-Helmholtz configuration generates a quadratic
magnetic field. For this purpose, we run current of the bottom coil in a clockwise
direction and the current of the top coil in an anti-clockwise direction from the top
view. The measured magnetic field gradients of the quadratic magnetic fields at 25 A
are
B
′
rad = 719 Gauss/m, B
′
ax = 1390 Gauss/m, (3.6)
where the indexes ”rad” and ”ax” are used to label radial and an axial direction of the
coils, respectively. To generate the homogeneous magnetic field of 2.75 G/A, we make
the coil pair in the Helmholtz configuration by keeping the current in both coils in
the same direction. For this purpose, we mostly reverse the current in the upper coil
instead of the lower coil. Changing the direction of the current in the lower coil is not
favorable because the spontaneous magnetization of the optical table and optics holders
e.t.c., changes frequently and can cause slightly more fluctuation in the magnetic field
although our optical table is non-magnetized. We use an H-bridge circuit to reverse
the current electronically. Figure 3.2 (b) shows the H-bridge circuit with four high
power insulated gate bipolar transistors (IGBTs). Two IGBTs indicated by red used
for anti-Helmholtz configuration, and two IGBTs indicated by blue used for Helmholtz
configuration. The coils produce a homogeneous magnetic field by turning on the
Helmholtz IGBTs and produces a quadratic magnetic field by turning on the anti-
Helmholtz IGBTs. A varistor is attached parallel to the each Helmholtz IGBTs for its
protection from the high reverse current. Typical rating of a varistor is 680 V for a fast
current switching off (∼ 40 µs) and 121 V for a slow current switching off (∼ 100 µs).
In ideal Helmholtz configuration, the distance between the coil pairs is equal to the
twice of the radius R of the coil. In our setup, distance between two coils is slightly
smaller than 2R to generate small magnetic field curvature. At 100 A the measured
magnetic field curvatures are [91]
B
′′
rad = −198 Gauss/m2, B
′′
ax = 363 Gauss/m
2. (3.7)
Radial magnetic field curvature corresponds to the trap frequency
ωmag =
√
µB
∣∣B′′rad∣∣
m
, (3.8)
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Figure 3.3: (a) Secondary coil setup for the fast ramp of the magnetic field (b) Typical
signal shows ramp of the magnetic field to 700 mG in 100 µs (c) Magnetic field generated
by secondary coil versus Hall probe voltage.
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which becomes important at the end of evaporative cooling in single beam optical dipole
trap as discussed latter.
Secondary coil setup:
Now we discuss the setup for the fast ramp-up of the magnetic field. The inductance
of the Helmholtz coil pair is large that limit the ramp speed of the magnetic field to
approximately 0.4 mG/s, which was not enough to dissociate the Feshbach molecules
(see chapter 6). Therefore, we prepared a secondary small coil setup inspired by the
work of JILA group [98]. The secondary coil was placed at the bottom of the glass
cell and not shown in Fig. 3.2 (a). The coil consists of 6 number of turns and has a
4.5 cm inner diameter. Figure 3.3(a) shows the schematic diagram of the secondary
coil setup. We operated the power supply (PAS20-18) at constant voltage mode, and
the current in secondary coil ramped up in 100 µs when the solid state Relay switch
(Crydom D1D40) is turned on. Figure 3.3(b) shows the typical ramp curve for the
magnetic field generated by the secondary coil. A Hall probe is connected in the loop
of the secondary coil circuit to detect this signal on an oscilloscope. Then, the hall
probe voltage is converted into the magnetic field using a calibration factor.
To estimate this calibration factor, we use the value of magnetic field generated by
the Helmholtz coil pair at which Feshbach resonance 1 occur say B0. We already know
the calibrated values of the magnetic fields generated by the Helmholtz coil pair from
our Rf-spectroscopy method [91]. Typically 70 % of the atomic loss happened when the
magnetic field is moved from Bi to resonance position Bf = B0. In the beginning, when
the secondary coil is kept on at fixed Hall probe voltage, the final value of the magnetic
field Bf becomes higher than resonance position B0 as Bf = B0 + δBsec. Here, δBsec is
the field added due to the current in the secondary coil. Then, we subtracted the δBsec
through the Helmholtz coil to mark the resonance position Bf = B0 again. Therefore,
subtracted magnetic field through the Helmholtz coil is equal to the added magnetic
field through the secondary coil at fixed Hall probe voltage. The added magnetic field
through the secondary coil increases linearly with the increase of the secondary coil’s
Hall probe voltage. The magnetic field generated by the secondary coil versus Hall
probe voltage is shown in Fig. 3.3(c). From this curve, we obtain the calibration factor
of 11.56± 0.06 G/Volt.
1For detail of Feshbach resonance see section 5.2.
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3.3 Laser cooling
After achieving the required degree of vacuum and establishing the magnetic field setup,
we need the preparation of lasers at required frequencies. After the overview of the laser
light system used for the cooling, we explained the saturation absorption spectroscopy
setup, Zeeman slower and magneto-optical trap (MOT).
A laser light resonant to the D2 transition is utilized to perform trapping and
cooling of 6Li atoms. The corresponding wavelength of the D2 transition is 671 nm.
The hyperfine structure of 6Li is shown in Fig. 3.4. The laser system must have a narrow
linewidth and much smaller than that of the D2 transition (6 MHz). In our experiment,
we generated the cooling light from a dye laser manufactured by COHERENT (899-21
RING LASER). The laser medium is 1.17 g LD-688 in a 2 L phenoxyethanol solvent.
The circulating dye medium is pumped by a COHERENT Verdi 10 laser of wavelength
532 nm and pumping power of 6.5 W, which generate required 671 nm light. The
output power of the dye laser is typically 300-480 mW.
3.3.1 Laser frequencies preparation
We stabilize the frequency of the dye laser to the F = 3/2→ F ′ = 5/2 transition of the
D2 line (670.777 nm) with -190 MHz detuning to prepare the desire laser frequencies.
For this purpose, we employed the technique of a saturation absorption spectroscopy
in Lithium vapor cell [99]. Schematic of saturation absorption spectroscopy is shown in
Fig. 3.5. The stabilization is performed on the absorption peak of crossover resonance
of F = 3/2→ F ′ = 1/2. Two counter beams propagate through the spectroscopy cell.
We apply phase modulation to the probe laser frequency by an electro-optic modulator
(EOM) to generate the sidebands of frequency 15 MHz and use it as an error signal.
A photodiode detects the error signal. Using a lock-in differential amplifier (SR830
DSP) the derivative of the absorption profile is obtained. The resonator length can
control the oscillation frequency of the dye laser. Therefore, returning the laser signal
to the piezoelectric element (PZT) 1 of the resonator of the dye laser, we can lock the
frequency of the laser light of dye laser to the crossover dip. To achieve a stable lock, we
require a large crossover amplitude, which we obtained by applying relatively high laser
1Piezo element is a device whose length varies as the electric field is applied and it is a type of
piezoelectric conversion semiconductor.
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1.7 MHz
2.9 MHz
228 MHz
imaging (0 MHz)
zeeman (-190 MHz)
cooling (-30 MHz)
repump (+228 MHz)
optical trap (1064 nm)
Figure 3.4: Upper: Hyperfine structure of the ground (indicated by F ) and 2P excited
states (indicated by F ′) of 6Li atoms. Energy splittings are not to scale. Laser light
resonant to the D2 transition is used for cooling and trapping the atoms. Lower: The
hyperfine levels and the detuning of the different laser beam frequencies for the laser
cooling in our experimental setup [91].
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Figure 3.5: Schematic of optical and electronic setup for saturation absorption spec-
troscopy to stabilize Dye laser frequency to the D2 transition.
intensities (Typically 4-6 mw) in our saturation spectroscopy set-up, which ultimately
broadens the width of the crossover dip.
Required laser detuning from the D2 line for our laser cooling and imaging are
shown in Fig. 3.4 (lower panel). The frequency for Zeeman slower is the same as that
of the dye laser. The power of Zeeman slower light is 60-80 mW. We prepared the
other frequencies by using acoustic-optical modulators (AOM). Power of MOT light
is 80-110 mW. The repump beam for MOT cooling is a sideband of the MOT beam
generated by EOM with a frequency of 250 MHz. We prepared all 671 nm laser beams
on an optical table separated from the main chamber table. We transferred the light
beams to the main table by using optical fibers. There are two main advantages to
separating the tables. One is the trapping loss due to the absorbing resonant light
is minimized. The second one is that the optical alignment passes on the main table
remain unaltered when we change the dye medium and realign the dye laser cavity
optics.
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3.3.2 Zeeman slower
The average velocity of atoms just after the output of the nozzle is approximately
1800 m/s as discussed previously. Required range of the velocity of 6Li atoms to
capture them in MOT is of the order of 100 m/s. Therefore, we have to reduce the
velocity of atoms through Zeeman slower setup [100]. Atomic beam is decelerated
using counter-propagating resonant laser light of wave vector k. On average, each
absorbed photon from counter propagating light reduces the momentum of the atom
by ~k due to spontaneously emitted photon in isotropic distribution manner. The
resultant decelerated force is Fs = ~k×Γs, where Γs described the scattering rate that
depends on velocity and is given by [101]
Γs =
1
2
Γ
I/Is
1 + I/Is + (2δ′/Γ)2
. (3.9)
Here, Γ = 2pi×5.9 MHz and Is = 2.5 mW/s is the natural line width and the saturation
intensity of 6Li, respectively. The velocity dependent detuning is δ′ = δ − ~k.~v, where
δ = ω − ω0 is the detuning of the laser light. Atoms get out of the resonance when
slowing down due to velocity-dependent detuning. In our setup, we keep the atoms in
resonance with laser light by applying inhomogeneous magnetic field [101].
The Zeeman slower rely on the fact that the resonance frequency depends on the
magnetic field. For circularly polarized light with σ±-transitions, the velocity dependent
detuning in a magnetic field becomes
δ′± = δ − ~k.~v ∓ (geme − ggmg)µBB/~. (3.10)
Here ge and gg are the Land e´ g-factors of the excited and ground state, respectively.
In our experiment, we use a decreasing magnetic field type Zeeman slower with σ+
polarization1. Zeeman slower consists of 10 individual coils spread on 40 cm along
the atomic beam. A homemade current controller independently controls the current
in each coil. The current in each coil is optimized to produce an optimum shape of
the magnetic field. Optimum magnetic field monotonically decreases toward glass cell.
This decrease of magnetic field compensates the changing of the Doppler shift due to
the deceleration. A previous thesis from our group contains the detail description of
our Zeeman slower setup[92].
1Normal vector of polarization rotation, and magnetic field directions are parallel while atomic
velocity is anti-parallel.
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The position of MOT in glass cell is located approximately 10 cm from the end of
Zeeman slower. If we assume that the atomic velocity is 100 m/s at the exit of Zeeman
slower, then, the radial spread of atoms at the position of MOT becomes larger than
4 cm while the diameter of our MOT beam is about 16 mm. Therefore, only a small
percentage (3-5 %) of all atoms reached the MOT position and got trapped. To enhance
the atomic flux to be captured in the MOT, we implemented a two-dimensional laser
cooling stage facing the Zeeman slower.
3.3.3 Magneto-optical trap (MOT)
Atoms reach to the glass cell after passing through Zeeman slower where the three
counter-propagating laser beams encounter them at right angles with each other, which
is called optical molasses [102]. Atoms get slow down in all three directions in optical
molasses. The resultant force in one direction can be written as
~Ftot = ~F+ + ~F− = −β~v, (3.11)
where
β =
8~k2δI/Is~v
Γ (1 + I/Is + (2δ/Γ)2)
2 . (3.12)
Choosing negative detuning δ < 0 the constant β becomes positive and the force is
opposing the motion of the atoms. Similar opposing force appears in other two direc-
tions, and hence the atoms are slowed down in all three dimensions. From the above
equation, it looks possible to cool down an atomic gas to T = 0 K. However, the fi-
nite momentum transfer of ~k for each random recoil kick produce heating. For low
intensities and detuning of δ = −Γ/2 this leads to the minimum equilibrium Doppler
temperature [103, 104]
TD =
~Γ
2kB
. (3.13)
For 6Li atoms the Doppler temperature is 140 µK, which is the lower achievable limit
in our experiment.
The force generated by optical molasses has no spatial dependence. Thus, it is not
possible to trap the atoms in optical molasses. We achieve trapping by applying a
quadrupole magnetic field from a pair of the coil and chooses appropriate laser polar-
izations (σ+) and frequencies. This trap is called the magneto-optical trap first realized
in 1987 by the group of S. Chu and D. Pritchard [105]. To understand the underlying
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principle in a most straightforward way, consider the one-dimensional two-level system.
In two-level system, the excited state and the ground state have a total angular mo-
mentum Fe = 1 and Fg = 0, respectively. Two magnetic coils in an anti-Helmholtz
configuration lead to a magnetic field that vanishes in the center and increases linearly
in the vicinity of the center of the trap with B = B′axz. The external magnetic field
lifts the degeneracy of the excited states mF = 0,±1. The resonance frequencies of
the three transitions thus depend on the position of the atom. The polarization of the
laser light is opposite circular giving rise to σ± transitions. As a result Eq. (3.10) can
be re-written as
δ′± = δ ∓ ~k.~v ± (geme − ggmg)µBB/~. (3.14)
This will modify the Eq. (3.11) as follow
~Ftot = −β~v − κ~r, (3.15)
where spring constant κ is given by
κ =
(geme − ggmg)µBB′axβ
~k
(3.16)
The three dimensional MOT works in an analogous way. However, three-dimensional
MOT is anisotropic because magnetic field gradient in axial direction is twice larger
than radial direction.
In our experiment, the MOT is realized in the UHV glass cell by three retro-
reflected laser beams having an initial frequency detuning of -30 MHz. We generated
the quadrupole magnetic field with a gradient of 15 G/cm. The main cooling tran-
sition is |F = 3/2,mF = −3/2〉 −→ |F ′ = 3/2,m′F = −5/2〉 as indicated in Fig. 3.4
(lower panel). Since the separation of the excited states is not so large, this can lead
the transition from |F = 3/2〉 to |F ′ = 3/2〉 at low magnetic field. In this case, atoms
decay into the ground state of |F = 1/2〉 and get out of the cooling process. We need to
re-pump the atoms in |F = 1/2〉 state to recaptured these lost atoms. For this purpose,
we mix the re-pumping component in the MOT beams by using an EOM. The EOM
frequency is 250 MHz, it generates a sideband component corresponds to the transition
|F = 1/2〉 −→ |F ′ = 3/2〉 (See Fig. 3.4). In our experiment, 15 seconds MOT loading
time is sufficient to proceed with the further experiment.
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Figure 3.6: (a) Absorption images of the CMOT taken after 1 ms time of flight. (b)
Image line profile is fitted with the Gaussian function to estimated the temperature. Red
dotted is the data points while the blue dashed represents the Gaussian fitting curve.
To optimize the number of atoms loaded into the optical dipole traps (discussed
later) the highest possible MOT phase space density is required, which is
D = n
(
2pi~2
mkBT
)3/2
. (3.17)
For this purpose, we employed compressed MOT (CMOT) method [106]. We perform
compression in 20 ms by increasing the magnetic field gradient to 50 G/cm, decreasing
the MOT beam detuning to -6 MHz, and reducing the intensity of the MOT beam
to zero. In our experiment, the double-pass AOM was used to control the frequency
and intensity of the MOT beam. The EOM is used to tune the frequency of the re-
pumping component and kept constant during the compression. When MOT beam
intensity decreases the intensity of the repump beam is also decreases, and atoms tend
to in |F = 1/2〉 state after the compressed MOT. These atoms were recaptured in the
following cavity dipole trap although they lost from MOT. Figure 3.6 (a) shows the
absorption image of the CMOT taken after 1 ms time of flight (TOF). Red dotted
points shows image line profile in Fig. 3.6 (b), which is fitted by Gaussian function
shown by the blue dashed curve. From the measured width of approximately 1.2 mm
estimated temperature is T = (m/2kB)[width/TOF]
2 ≈ 400 µK, which is higher than
the minimum achievable temperature in CMOT due to the Doppler limit. However,
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typically 108 atoms are captured at this temperature and enough for proceeding to the
optical dipole trapping as discussed in the following section.
3.4 Optical dipole traps
The temperature of the atoms after CMOT is still high compared to the temperature
requirement for achieving the degenerated regime for 6Li atoms. Therefore, we need to
go further lower to sub µK regime and have to perform further cooling and trapping
stages using evaporative cooling. The magnetic trap provides a large trapping volume
with a large number of atoms. We are limited to perform evaporative cooling in the
magnetic trap because we cannot observe the magnetically induced Feshbach resonances
in the magnetic trap. The other limitation includes the need for a sophisticated set
of magnetic trap coils and other species for the sympathetic cooling. Therefore, we
adopted optical dipole traps where we can trap any hyperfine states. In optical dipole
traps, we can apply the magnetic field to study the various physical phenomena in
the presence of Feshbach resonances despite the trap volume and number of atoms are
smaller than those of the magnetic trap. In our setup, we adopted two optical dipole
traps: Cavity-enhanced optical dipole trap (“a cavity trap”) and a single focused beam
far-off resonant optical dipole trap (“a single beam trap”). We will discuss the overview
of these traps after reviewing the principle of the optical dipole trap.
3.4.1 Basic theory of an optical dipole trap
Dipole traps rely on the interaction of the electric field of the laser light E to the
induced dipole moment P of the atoms [101, 107]. The magnitude of the induced
dipole moment depends on the polarizability α of the atoms by P = αE. The sign of α
depend on the detuning of the trapping laser frequency ωl from the atomic resonance
frequency ωa. Then, the dipole interaction energy Udip = −〈PE〉 /2 = −(1/2)αE2
also depends on the sign of the α. When laser light is red detuned (ω0 − ωl > 0) the
induced dipole oscillates in phase and corresponding interaction energy is negative and
vice versa if laser light is blue detuned (ω0 − ωl < 0). Since laser intensity I ∝ E2.
Therefore, the spatial gradient of the laser intensity ∇I(r) provides a dipole force,
which is responsible for trapping the atoms. Such optical dipole traps can be realized
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using the focused Gaussian beam of laser light. An analytical expression for the optical
dipole trapping potential can be written as [107].
Udip(r) = −3pic
2
2ω30
(
Γ
ω0 − ωl +
Γ
ω0 + ωl
)
I(r). (3.18)
Here, c is the speed of light and I(r) is the position dependent laser intensity distribution
of focused TEM 00 Gaussian beam and given by
I(r) =
2P
piw(z)2
exp
(
− 2r
2
w(z)2
)
, w(z)2 = w(0)2
[
1 + (z/zc)
2
]
, (3.19)
where P is the power of laser beam, w(z) is the 1/e2 radius of the beam at the position
z and zc = piw(0)
2/λl is the Rayleigh length of the laser. From the Eq. (3.18) it follows
that the red-detuned laser fields create an attractive dipole force. That means we can
trap the atoms in the maxima of red-detuned laser fields or, equivalently, in the minima
of blue detuned laser fields.
In the dipole trap, it possible that atoms absorb and spontaneously emit photons
from the dipole trap beams. Consequently, it can cause the heating. This heating
energy due to the spontaneously photons scattering can be written as [107]
Γdip(r) = −3pic
2ω3l
2~ω60
(
Γ
ω0 − ωl +
Γ
ω0 + ωl
)2
I(r). (3.20)
It can be seen from Eq. (3.18) and Eq. (3.20) that the scattering rate decreases with the
square of the detuning Γdip(r) ∝ (ω0 − ωl)−2 while the potential depth decrease with
linear scale Udip(r) ∝ (ω0−ωl)−1. Therefore, to minimize the heating due to the spon-
taneous photon scattering it is favorable to trap the atoms in far detuning dipole trap.
In our experiment, we use high power fiber lasers of 1064 nm wavelength. This wave-
length is far red detuned from the atomic transition wavelength of 671 nm. Therefore,
we can neglect the spontaneous scattering effect. For cavity dipole trap, we use 20 W
single-mode fiber laser (IPG Photonics, YLR-20-1064-LP-SF, λl = 1064 nm, linewidth
< 100kHz). For single FORT trap, we use 10 W multi-mode fiber laser (Keyopsys,
CUS-BT-1069-YLF-PM-100-LC-001-COL, λl = 1069 nm, linewidth ∼1 nm).
3.4.2 Cavity optical dipole trap
We want to transfer the atoms from CMOT to optical dipole trap as much as possible
to achieve a high phase space density. In our CMOT, temperature lies in the range
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Table 3.1: Parameters of the cavity optical dipole trap in our experimental setup.
R1 Reflectivity of input mirror 98.30 %
R2 Reflectivity of output mirror 99.99 %
L A round trip loss in a cavity ∼0.10 %
A Enhancement factor ∼110
r Cavity length 400 mm
w0 Designed beam waist 260 µm
λ Wavelength 1064 nm
of 300 to 400 µK, and the size of the atomic cloud is about 1.1 mm. Therefore, the
depth and the beam waist w(0) should be larger than 2 mK and ∼ 300 µm, respectively.
Therefore, to meet these requirements, a very high power laser of about 1 kW is needed
to realize such a deep and large-volume optical dipole trap, which is not realistic in
our case. Therefore, we adopted the technique of a cavity optical resonator [108]. Our
resonator is made up of the confocal cavity [109] whose designed values are listed in
table 3.1. The enhancement factor A describing the ratio of laser power in the cavity
Icav to the incident laser power Iin is given by
A =
Icav
Iin
=
(1−R1)(1− L)1/2
(1−√R1R2(1− L))2 , (3.21)
where R1 and R2 being the reflectivity of the input and output mirror, respectively,
and L is the round-trip loss in the cavity. We need to minimize the loss and maximize
the enhancement factor A. For this purpose, we used a high-purity fused-silica glass
cell (Mitorika Glass Co., Ltd) and aligned the cavity trap laser beam at the Brewster
angle of 560 to the surface of the glass cell. Only 9 W input power gives enhancement
factor of 110, which corresponds to 2 mK depth optical dipole trap.
The cavity length can change due to the thermal drifts and acoustical noise. There-
fore, we stabilize the cavity length using piezo-mechanical actuator. The Pound-Drever-
Hall technique is employed to lock the cavity length [110]. Schematic of cavity dipole
trap is shown in Fig. 3.7. We use an EOM for generating 29.6 MHz-sideband to drive
an error signal. The reflected beam is picked up from the optical isolator and passes
through an AOM. The output from the AOM is detected through photo-detector and
compared with the signal of the local oscillator for EOM via a mixer [111]. By returning
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Figure 3.7: Schematic diagram of the cavity enhanced optical dipole trap. We locked the
cavity length using the Pound-Drever-Hall technique.
an error signal to the piezo element stabilized the resonator length. When we decrease
the cavity laser power for loading to the single beam trap, the AOM keeps the intensity
of the error signal. For complete details of our locking scheme see the previous thesis
from our group [92].
Now we discussed the procedure to load the atoms into cavity trap from CMOT. In
200 ms, we ramp up the power in the cavity trap and start locking the resonator cavity
before compressing the MOT. Then, we compressed the MOT in 10 ms in the cavity
trap. The ac-stark shift can arise in the cavity trap, and a 1 mk depth corresponds to
the ac-stark shift of kB × 1 mK/h ∼ 20 MHz. Therefore, optimum parameters for the
compression of MOT in the cavity trap modify to somewhat closer to resonance than
that without the cavity. Note that optimum detuning for the compression of MOT is
-6 MHz without cavity. As mentioned before the intensity of the re-pump beam also
decreases along with the intensity of MOT beam during compression and atoms tends
to be in the state of |F = 1/2〉 and drops out of the cooling cycle. However, these
atoms are still trapped in the cavity trap because of the dipole force and are free from
heating generated by MOT beams. After compression, the MOT beams are turned off,
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and the magnetic field gradient ramped down to zero in 50 ms. In the cavity, average
atoms number and temperature is 2× 107 and 200 µK, respectively.
3.4.3 Single beam optical dipole trap
The depth of optical trap is needed to decrease by two orders of magnitude to perform
the evaporative cooling. The cavity trap cannot be used to performed evaporative
cooling despite it provide large volume and a deep trap depth. One reason is that the
stability of locking decreases as the cavity power decreases and it is not possible to
hold the atoms at the end of evaporative cooling in the cavity trap. The second reason
is that the atomic cloud is dividing into the standing waves. These standing waves
affect the efficiency of the evaporative cooling and prevent further increase of the phase
space density. To solve these issues, we transfer the atoms from cavity trap to a single
focused-beam far-off resonant optical trap (referred as single beam trap).
We first transfer the atoms into a single beam trap and then performed evaporative
cooling. We optimized the focus point of the single beam laser light by fine-tuning the
position of the last lens (focus length f = 300 mm) to obtain the maximum transfer
efficiency. The relative angle between these two dipole traps is kept as small as possible
to increase the overlap between the cavity trap and single beam trap. The transferring
procedure is as follow. First power of the single beam trap is ramped up after the cavity
loading process. Then, we switched the coil current from Anti-Helmholtz to Helmholtz
configuration. Then, we gradually increased the current to 110 A corresponds to 300 G
in 100 ms. We kept applying 300 G magnetic field onward because at this magnetic field
value elastic collision cross-section is maximum and enable us to achieve an efficient
collisional loading up to 30%. Finally, cavity trap is turn off in the 1-second ramp to
transfer the atoms into single beam trap. The number of atoms loaded into single beam
trap is approximately 2× 106 and temperature is about 90 µK. The transfer efficiency
of loading the atoms from CMOT to single beam trap is only 5%, which is higher than
the efficiency of a direct loading from CMOT to single beam trap.
Characterization of single beam trap:
To characterize single beam trap, we need to calibrate potential depth and trapping
frequencies. Lets consider elliptical Gaussian beam propagating along x-direction hav-
ing beam waist wy and wz along y and z direction, respectively. Then, Eq. (3.19) can
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be modify as follow
I(r) = I(x, y, z) =
2P
piwy(x)wz(x)
exp
(
− 2y
2
wy(x)2
− 2z
2
wz(x)2
)
, (3.22)
and corresponding beam waists are
wy(x)
2 = w2y
[
1 + (x/xy)
2
]
wz(x)
2 = w2z
[
1 + (x/xz)
2
]
, (3.23)
where wy ≡ wy(0) and wz ≡ wz(0). When y  wy and z = x = 0, then potential depth
given in Eq. (3.18) can be expanded as
Udip(y) ≈ −U0
(
1− 2y
2
w2y
)
= −U0 + 1
2
(
4U0
w2y
)
y2, (3.24)
where
U0 ≡ −Udip(r = 0) = 3pic
2
2ω30
(
Γ
ω0 − ωl +
Γ
ω0 + ωl
)
I(0), (3.25)
with
I(0) =
2P
piwywz
. (3.26)
Equation 3.24 is the equation of simple harmonic oscillator with effective spring con-
stant κ = 4U0
w2y
. Then, trap frequency along y-direction can simply written as
ωy =
√
κ
m
=
2
wy
√
U0
m
. (3.27)
Similarly, when z  wz and y = x = 0, trap frequency along z-direction is
ωz =
2
wz
√
U0
m
. (3.28)
The trap frequencies ωy, ωz are called radial trap frequencies. From the above two
equations it follows that at fixed single beam power ωy/ωz = wz/wy.
Similarly trapping frequencies along the propagation x-direction (called axial fre-
quency) can also be derived under the condition of x  xy, xz. Thus Eq. (3.18) leads
U(0, 0, x) = −U0 + 1
2
[
U0
(
1
x2y
+
1
x2z
)]
x2 (3.29)
and the axial frequency is simply given by
ωx =
√
U0
m
(
1
x2y
+
1
x2z
)
. (3.30)
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Equation 3.25, 3.27, 3.28, and 3.30 characterize single beam trap and required the in-
formation of laser power, trapping frequencies and beam waist. If two of the parameter
is known third can be estimated. The power of the laser beam can be measured with
power meter. The beam waist can not be measured experimentally. However beam
waist can be estimated from the calibration of trap frequencies.
To measure radial trap frequencies, we employ the method of the compressed mode.
In the compression mode, the size of the atomic cloud oscillates with twice of the trap
frequency. We switch off the single beam potential for a short time of about 50-100 µs
and capture the atoms again in single beam trap for a variable amount of hold time and
took the absorption images. As a result, root mean square width of the atomic cloud
oscillates as a function of hold time. As an example these oscillation in y and z directions
are shown in Fig. 3.8 (a) and corresponding frequencies are ωy/2pi = 2196(15) Hz and
ωz/2pi = 1670(17) Hz. Since we know the measured power of 292 mW and using
Eq. (3.27) and (3.28), estimated beam waists are (wy, wz) = (26, 33) µm, which are
very close to designed values estimated from propagation matrices. Measured radial
trap frequencies as a function of single beam power are shown in Fig. 3.8 (b). Diamond
shows ωy values while circles shown ωz values. According to Eq. (3.27) and (3.28)
radial trap frequencies are proportional to
√
P which is shown by the dashed line. In
our experiment, we can extract radial trapped frequencies from the following convenient
formula
ωy = 2pi × 4186(25)
√
P (Hz/
√
W), ωz = 2pi × 3232(27)
√
P (Hz/
√
W). (3.31)
The magnitude of the radial frequency due to single beam trap is much larger than
the frequency arises from the magnetic field curvature which is typically 10-20 Hz.
Hence, magnetic field effect can be ignored in radial frequencies calibration. Right
vertical axis in Fig. 3.8 (b) shows the potential depth U0 of the single beam trap versus
the power of single beam on the log scale. It increases linearly with laser power by
U0 = 44.5(0.2)× P (µK/W).
In contrast to radial frequency, the axial frequency is inversely related to the Raleigh
length, which is about 1 mm. As a result, axial frequencies due to single beam trap are
smaller in magnitude and are affected by radial magnetic field curvature. In this case,
the axial frequency is given by
ωax =
√
ω2x + ωmag (3.32)
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Figure 3.8: (a) Radial trap frequencies in single beam dipole trap measured by compres-
sion mode method. The widths of the atomic cloud in y-z direction oscillate in time with
twice of the trapping frequency. (b) Filled diamonds and circles show radial frequency in
y and z direction as a function of single beam power, respectively. Trap depth U0 varies
linearly with single beam power shown by blue stars.
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Figure 3.9: Axial frequencies as a function of single beam power and include the effect of
magnetic force arises from the curvature of the magnetic field as discussed in the text. Axial
frequencies are measured using induced dipole technique by a fast ramp of the magnetic
field to 160 G. As a result center of the cloud oscillates in the trap with the trapping
frequency. The inset shows such oscillation as an example.
where ωmag =
√
µB
∣∣B′′rad∣∣ /m. To measure the axial frequency, we employ induced
dipole technique by a fast ramp of the magnetic field to 160 G. As a result center of
the atomic cloud oscillates with the trapping frequency. Example of such oscillation is
shown in the inset of Fig. 3.8 (c) with trapped frequency of ωax/2pi = 22.3 ± 0.5 Hz.
In Fig. 3.9, green dashed line shows the trend of axial frequency verses laser power
from Eq. (3.32). In our experiment, axial frequency can be best estimated by rela-
tion ωax/2pi =
√
(7.21± 1)2 + (792± 64)× P , which is deduced from the experimental
results of Fig. 3.9.
In our experiment, overlapping CMOT trap, cavity trap and single beam trap
changes by 3-5 pixel with the passage time1. As a result, we observe a decrease of
atoms numbers from optimized conditions. Therefore, we usually realign the over-
lapping of these three traps, which slightly changes the parameters discussed above.
Therefore, we routinely characterized single beam trap before every new measurement.
1In our experiment, we were able to maintain the same trap conditions for a couple of months.
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3.5 Absorption imaging
In our experiment, we employ absorption imaging technique to extract various physical
information such as density, temperature, trap frequencies and position of the atomic
cloud. In this technique, a resonant light is shined on the atomic cloud, and the resultant
shadow image is captured by the CCD camera (Photon MAX). This absorption image
contains almost all necessary information. The CCD camera used in our experiment
have 512 ×1024 pixels with each pixel size of 16 µm×16 µm.
Number of atoms can be estimated from the absorption image. If intensity of
incident imaging light is I0, then intensity of outgoing light from atomic ensemble
I(x, y) can be written in terms of the Lambert-Beer’s Law
I(x, y) = I0 e
−D(x,y), (3.33)
where D(x, y) is called optical depth (OD) and can be written as
D(x, y) = σ
∫ ∞
−∞
n(x, y, z′)dz′. (3.34)
Here, σ is the photon-scattering cross section of an atoms and n(x, y, z) is the number
density of the atomic cloud. We obtained OD from three pictures: (i) the absorption
image Iab with atoms, (b) a reference image Iref without atoms, and (c) a background
image Ibg without imaging pulse. From these three images OD can be obtained as
D(x, y) = ln
(
Iab(x, y)− Ibg(x, y)
Iref(x, y)− Ibg(x, y)
)
. (3.35)
Thus integrating the whole OD will give the total number of atoms N .
N =
∫
n(x, y, z′)dxdydz′ =
∫
dxdy
D(x, y)
σ
=
A
σ
∑
i,j
D(i, j). (3.36)
Here, A = (16 × 16) µm2 is the area of a pixel of the CCD and D(i, j) indicates the
average OD of (i, j)th CCD pexel. We usually refer number of CCD counts Ncounts =∑
i,j D(i, j). The scattering cross section is given by
σ =
σ0
1 + (I/Is) + 4(δ/Γ)2
. (3.37)
In case of resonant light δ = ω0 − ωl ≈ 0 and I  Is,
σ ≈ σ0 ≈ 3λ
2
0
2pi
, (3.38)
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Figure 3.10: Typical Kapitza-Dirac scattering image of 6Li Fermi gas. The distance
between the momentum component was used to calibrate the imaging magnification as
discussed in the text.
only related to the wavelength of the resonant light λ0 = 671 nm [101]. Even choosing
δ = 0 that corresponds to -190 MHz in our experiment and I  Is, the scattering cross-
section σ ≈ σ0 can include error specially in the case of in-trap imaging of dense atomic
cloud [112]. Therefore, the real value of σ needed to be calibrated. For this purpose, we
estimated Fermi energy by fitting a degenerate Fermi gas to the Thomas-Fermi profile
as discussed in the last section of the chapter.
In our experiment, we used two imaging schemes horizontal axis imaging and top
imaging. Magnification M of both imaging scheme is calibrated using Kapitza-Dirac
scattering method [113]. For this purpose, we shined a very short pulse (1 µs duration)
of an optical lattice onto the expanding degenerated Fermi gas. As a result, Fermi gas
is divided into the momentum components with an integer multiple of 2~k as shown
in Fig. 3.10. Here, k is a wave vector of the optical lattice beam. We fitted the first
order components 2~k and −2~k with a two-dimensional Gaussian function to extract
the center position and then calculated the distance dm between them using two-point
formula. Imaging magnification is given by M = dm/d, where d = (4~k/m)× τ and τ
is time of flight. For horizontal axis imaging M = 1.37 and for top imaging M = 2.00
in our experimental setup.
Horizontal axis imaging:
To take the image of CMOT cloud, cavity trapped atoms and single beam dipole
trapped atoms, we designed optical imaging path passing along the axis of single beam
dipole trap by just using two dichroic mirrors. In this imaging, we used circularly
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polarized light that is resonant to the |F = 3/2〉 − |F ′ = 5/2〉 transition. To detect the
atoms residing in the ground state |F = 1/2〉 because of CMOT, we shined an imaging
re-pumped light resonant to |F = 1/2〉 − |F ′ = 3/2〉 for a 25-50 µs before shining the
imaging pulse. This imaging scheme was used to take the atomic image at zero magnetic
fields.
Top or vertical axis imaging:
This imaging beam path overlapped with the vertical MOT beam path in our setup.
The imaging light after passing through the atomic cloud is detracted from the vertical
MOT beam path using a beam splitter and light goes towards CCD camera. In this
way, we avoid the use of a mechanical flipper in the vertical MOT beam to insert the
mirror as we do in the past [91]. The mechanical flipper has a strong magnet, which
destroys the magnetic field stability at Feshbach resonance. We used this imaging
orientation for the measurement of atomic cloud trapped in an optical lattice. Laser
for an optical lattice, the top imaging direction, and quantization axis direction are all
parallel to each other in our experiment.
We used the top imaging for both zero field imaging and imaging in a Feshbach
magnetic field at 160 G. At the 160 G, optimum frequency of the imaging beam is
141.41 MHz in our experiment. We used imaging in a Feshbach magnetic field to
detect the p-wave molecules (results of chapter 6). The two and three-body atomic
loss measurements in the optical lattice was done using zero field imaging (see chapter
7). The presence of a large magnetic field removes the degeneracy of excited state and
thus creating an ideal two-level system. Therefore, we can now use circularly polarized
light and can derive the closed |ms = −1/2,mI = 1〉 → |mJ = −3/2,mI = 1〉 optical
transition [91]. To take the high field imaging, we need to insert λ/2 plate before the
output coupler beam splitter by mechanical flipper to correctly match the polarization
which is not feasible in our case as discussed above. Therefore, we flipped the current of
the bottom coil instead of the top coil. We prepared surrounding parts of experimental
setup using non-magnetic materials. Therefore, we still able to keep the stability of the
magnetic field up to 10 mG. However, in experiments involve zero-field imaging case,
we always flipped the current of the top coil.
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3.6 Realization of degenerate Fermi gas
After trapping the atoms in single beam trap, we are in a position to realize degenerated
Fermi gas of 6Li atoms. To achieve the quantum degenerate regime, we performed force
evaporative cooling in a single beam trap by decreasing its intensity.
3.6.1 Evaporative cooling
The principle of the forced evaporative cooling is shown in Fig. 3.11. Consider a ther-
mal gas of 6Li atoms with temperature T in the hyperfine ground state of |F,mF 〉 =
|1/2, 1/2〉 (≡ |1〉) and |F,mF 〉 = |1/2,−1/2〉 (≡ |2〉). This two-component gas is
trapped in an optical dipole trap of finite depth U0. Lowering the trap depth from
U0 to U
′
0 lower the threshold energy to E
′
th. In the experiment, decreasing the intensity
of the laser light lower the trap depth (see Fig. 3.8 b). As a result, a fraction of atoms
whose energy is above the threshold or in other words fraction of atoms N ∝ e−U ′0/kBT
that lies in the tail of Boltzmann distribution escape from the trap and take away the
energy. This process result evaporation. After re-thermalization through elastic colli-
sions, the temperature of the gas becomes lower than the initial temperature. Some
fraction of atoms with energy higher than threshold E′th always exist in the trap. How-
ever, the number of such atoms decreases as the temperature decreases. Therefore, we
have to decrease the trap depth (threshold energy) actively to cool the gas sufficiently.
This method is called forced evaporative cooling. As we reduced the trap depth for
evaporative cooling trapping frequencies of the optical dipole trap are also decreased
as shown in Fig. 3.8 (b). This effect causes an adiabatic expansion of the trapped
gas and thus the lowering of the temperature. The decrease of the temperature also
decreases the elastic collision rates at the same time. Therefore, we require a longer
thermalization time, which is of the order of a few ms in our experiment. An efficient
way of reducing the depth of an optical dipole trap is explained in Ref. [91, 114].
Elastic collision rates should be maximum for good efficiency of the evaporative
cooling. Since elastic collision cross section is σe ≈ 4pia2, where a is scattering length.
Therefore, first requirement is the large scattering length a. In our experiment, we
performed the evaporative cooling at 300 G. At this magnetic field, scattering length
|a12| between state |1〉 and |2〉 shows a local maximum. Identical Fermions can not
collide with each other at a low temperature due to the Pauli exclusion principle.
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Figure 3.11: Illustration of forced evaporative cooling in an optical dipole trap. Reducing
the trap depth decreases threshold energy Eth. As a result, hot atoms shown by glowing
circles have energy larger than Eth′ and are efficiently spell out of the trap.
Therefore, the second requirement is that the population of state |1〉 and state |2〉 atoms
in the sample should be balanced. Therefore, an imbalance of population decreases the
elastic collision rate, which reduces the efficiency of the evaporative cooling. In our
experiment, spin imbalance depends on the position of CMOT atomic cloud in the
magnetic field. In our experiment, we trapped 50-50 balance with 5 % uncertainty that
is sufficient for performing evaporative cooling. In case, if we observed a significant
imbalance, we prepared an equal balance between spin states by a radio-frequency
(RF) pulse. We applied the RF magnetic field pulse resonant to |1〉 − |2〉 transition at
300 G for the duration of 500 ms before performing the evaporative cooling. We checked
the population balance by performing the standard Stern-Gerlach experiment. Third
favorable condition to increase the phase space density by using evaporative cooling is
that ratio of elastic to inelastic collision rates should be greater or equal to 100 [62],
which is well satisfied in our case.
3.6.2 Detection of degeneracy
The above requirements for evaporative cooling are efficiently satisfied in our exper-
iment. Therefore, we can achieve degenerated regime by proper evaporative cooling.
We performed forced evaporative cooling by reducing the depth of single beam from
∼ 400 µK to ∼ 1.1 µK in 6 seconds at 300 G. After performing evaporative cooling,
we shined a resonant blast light of 500 µW for the duration of 25 µs, which efficiently
remove the |2〉 state atoms from the cooled sample. As a result, we obtained pure
one-component Fermi gas of state |1〉, which is the lowest hyperfine state of 6Li atoms.
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Figure 3.12: (a) Absorption image of 6Li atomic cloud of state |1〉 after forced evaporative
cooling in single-beam optical dipole trap. (b) After integrating, one-dimensional image
line profile of the absorption image along the vertical direction (red dotted point) with
Gaussian Fit and Thomas-Fermi profile fit.
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The duration of blast light depends on the final value of trap depth after evaporation.
Then, we turned off the optical dipole trap and let the cloud expand in time of flight
τ . The two dimensional image of atomic cloud recorded on the CCD camera through
axial imaging after 8 ms time of flight is shown in Fig. 3.12 (a).
In Fig. 3.12 (b), dotted points show the image line profile along vertical direction
after integrating along the horizontal direction. We fitted the image profile with pixel
based 1D Thomas Fermi distribution given by
n1D =
D0√
pici
×
Li5/2
[
−ξ e−(y−y0)2/c2i
]
Li3[−ξ] . (3.39)
Here, ξ is the fugacity, D0 is peak optical depth, and y0 is the center position of atomic
image. The width of atomic cloud in the unit of pixel is ci which is related to the
width of atomic cloud in SI unit by ci = (M/δcam)σy, where M is the magnification of
imaging and δcam = 16 µm is the pixel size of CCD camera. The width of atomic cloud
scales during the time of flight image and is given by
σ2y =
2kBT
mω2y
[
1 + (ωyτ)
2
]
, (3.40)
written in SI units. In Fig. 3.12(b), the blue dashed curve shows the fitting to the
Eq. (3.39), which capture the experimental data very accurately. From the fitting
parameters we can estimate atom number, temperature and degeneracy parameter.
Using the condition of ωyτ  1, which is well satisfied in our case, temperature can be
estimated from Eq. (3.40)
kBT =
m
2
(
ciδcam
τM
)2
, (3.41)
which results approximately 0.3 µK. The value of fugacity ξ obtained from the fitting
can be directly use to estimate the degeneracy parameter T/TF using the relation (see
Chapter 2)
T
TF
= [−6 Li3(−ξ)]−1/3 . (3.42)
Using above equation we obtained T/TF ≈ 0.16, which lead the Fermi energy EF ≈
1.8 µK. As we know the trapping frequencies from the measurement of cloud oscillation,
therefore, we can calibrate the actual number of atoms using the Fermi energy relation
EF = ~ω˜(6N)1/3. Therefore, real value of imaging light cross section given by Eq. (3.37)
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can be calibrated, which gives us σ ∼ σ0/2.0. We assume this factor as a systematic
error in our measurement results.
Next, we fitted the image line profile shown in Fig. 3.12 (b) with one dimensional
Maxwell Boltzmann distribution (see Eq. (2.35)) shown by the black dotted curve that
does not correctly capture the experimental data point. The temperature estimated
from the width of the Boltzmann distribution using Eq. (3.40) is always overestimated
in the quantum degeneracy regime, which is the factor of two in our case. Figure 3.12
(b) reflected that the density distribution of a trapped Fermi gas does not change
dramatically from the thermal regime to the quantum degeneracy regime, unlike Bose-
Einstein condensate where thermal cloud surrounds a sharp peak.
3.7 Summary
In short, we explained the various experimental tools that we utilized to produce the
degenerate Fermi gas of 6Li atoms. After preparing the vacuum system, magnetic coils
system, and laser frequencies using saturation absorption spectroscopy, we first slow
down the atoms using Zeeman slower, and then atoms were captured in the compressed
magneto-optical trap. After that, we transferred the atoms to a single beam optical
dipole trap via a confocal cavity optical resonator. Finally, evaporative cooling was
performed to obtain 6Li Fermi gas in the quantum degeneracy regime where Fermi
energy is higher than the temperature of the atomic cloud. We treated the trapped
Fermi gas of 6Li atoms in single beam optical dipole trap as three-dimensional Fermi
gas. In case, if we want to perform experiment in the thermal regime, we control the
extent of evaporative cooling such that T/TF ≥ 1. In case of the weakly degenerated
regime when T/TF ∼= 0.5, the Fermi gas can still consider in thermal regime [52, 115].
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Chapter 4
Realization of Quasi-2D Fermi
Gas
The ultracold atomic gases in low dimensions have triggered much interest because of
the appearance of different properties compared to the three-dimensional counterpart.
In this study, we pay our attention to the collision properties of cold atomic gases
near p-wave Feshbach resonance in two-dimensions and compared these properties to
the three-dimensional case. In experiments, quasi-2D dimensional cold gases have been
produced using various tools such as optical lattices, [116], a laser light sheets [117, 118],
a surface wave trap [119, 120], and a combination of optical and magnetic trapping [121].
In our experiment, we employed optical lattice potential to produce the quasi-2D
Fermi gas of 6Li atoms. After trapping the atoms in single beam optical dipole trap as
described in the previous chapter, we shined optical lattice parallel to the quantization
axis. This chapter describes the necessary theoretical and experimental description of
producing quasi-2D Fermi gas of 6Li atoms using an optical lattice.
4.1 Principle of optical lattice
Consider a single focused laser beam of wavelength λl which is far-off resonant, and
incident to atoms along the z-direction. The atoms feel dipole trap potential given by
Eq. (3.25) in previous chapter. Assuming that the incident laser beam has an electric
field amplitude A and can be represented by following traveling wave
Ei = Ae
i(kz−ωt), (4.1)
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Retro-Mirror
Lens
Figure 4.1: The principle of the optical lattice. Atoms are trapped into an optical dipole
trap when the laser beam is shined in one direction. Retro-reflecting the incident beam by
mirror produces a standing wave pattern. Here, the cat-eye configuration is depicted for
the retro-reflected path.
where k = 2pi/λl is the wave vector and ω is the frequency of laser. In case of only
incident beam, the trap depth U0 is proportional to the laser intensity I0 (Eq. (3.25)).
As a result trap depth is simply given by
U0 ∝ I0 = 1
2
0 |Ei|2 = 1
2
0A
2, (4.2)
where 0 is the dielectric constant in vacuum. Under this condition exponent is averaged
out and as a result trap depth is constant.
Now consider the situation that the incident laser beam is retro-reflected through a
mirror with the same polarization. This geometry creates the one-dimensional standing
waves potential. The electric field of the retro-reflected laser beam is
Er = Be
−i(kz+ωt+iδ) , (4.3)
where B is the amplitude of the retro-reflected laser beam and δ is the phase difference
between the two fields. The position of the mirror for retro-reflected laser beam serves
as the node of the standing wave. The electric field must be zero at the surface of this
mirror. In this case, incident and retro-reflected laser beams are out of phase, and we
can set δ = pi. The incident and retro-reflected beams interfere by adding their electric
field
Et = Ei + Er, (4.4)
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and intensity of lattice Ilat is proportional to the absolute value total electric field
squared:
Ilat =
1
2
0 |Et|2 = 1
2
0
[
A2 +B2 − 2AB cos(2kz)] . (4.5)
Lattice potential is related to the lattice intensity [122]
V (z) = U0 + U0
(
B
A
)2
+
Vlat
2
cos(2kz). (4.6)
Here, Vlat = 4(B/A)U0 is the depth of lattice modulation and define as the lattice depth.
In ideal situation, there is zero loss in the retro-reflected beam, B = A and Vlat = 4U0.
Therefore, depth of potential in the optical lattice is four times to the depth of incident
laser beam. However, B < A in the real situation due to the attenuation of laser power
by retro beam optics and deficiency in the perfect overlapping of the retro-reflected
beam to the incident beam. Therefore, the calibrated value of a parameter αl = 4(B/A)
is necessary to estimate the lattice depth in the experiment. If the retro-reflected beam
is blocked then B = 0. As a result V (z)→ U0 and atoms are simply trapped in single
beam optical dipole trap. The schematic of the principle of the optical lattice is shown
in Fig. 4.1.
The radial frequencies in x-y direction (perpendicular to the propagation direction
z) can be derived using similar procedure described in section 3.4.3 and given by
ωr =
2
wr
√
αlU0
m
, (4.7)
where we define ωr = ωx = ωy because atomic cloud in optical lattice is isotropic in our
experiment. Considering the ideal case, the above equation indicates that the radial
frequency in optical lattice potential is twice to the radial frequency in the absence of
retro-reflected beam.
To calculate the axial frequency ωz along the lattice direction, the lattice potential
V (z) can be expanded through the cosine term as
V (z) = −V (z) ≈ −U0 − U0
(
B
A
)2
− Vlat
2
(1− 2k2z2) ≈ const.+ 1
2
(2Vlatk
2)z2. (4.8)
In the above equation effective spring constant is 2Vlatk
2. Therefore, axial frequency is
simply written as
ωz =
√
2Vlatk2
m
=
2pi
λl
√
2αlU0
m
. (4.9)
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4.2 Band structure and Bloch functions
Consider a particle is moving in free space with momentum p. Its eigenfunction is
simply a plane wave ϕf = e
ipz/~. In the presence of periodic potential V (z) = V (z+d),
wave function of the free particle modifies according to the Bloch’s theorem [123]. In
case of an optical lattice, potential is periodic with an interval of d = λl/2 = pi/k,
where k is a wave vector. For one dimensional optical lattice with potential of the form
V (z) = Vlat cos
2(kz), Schro¨dinger wave equation equation is
− 1
k2
d2ϕn,q
dz2
+
Vlat
Erec
cos2(kz)ϕn,q =
En,q
Erec
ϕn,q. (4.10)
Here, Erec = ~2k2/(2m) is the gain in kinetic energy an atom at rest of mass m would
experience, if it absorbed a photon with the momentum ~k, called recoil energy. The
Schro¨dinger wave equation includes the periodic potential, therefore the modified eignen
functions ϕn,q must show the same periodic behavior in accordance with the Bloch’s
theorem. The eigen functions ϕn,q are called Bloch functions and given by
ϕn,q = e
iqz/~ × un,q(z). (4.11)
The exponential part is the plane wave with quasi-momentum q analogues to the free
space momentum. It is not an eigen function of the momentum operator and is re-
stricted to the interval q ∈ [−pi/d, pi/d]. The periodicity of wave function is encoded
in un,q(z) = un,q(z + d), which is same to the external periodic potential. This wave
function acquires series of solutions at different energy bands label by n.
The Schro¨dinger wave equation (4.10) can be transformed into Mathieu’s differential
equation using substitution of z = kx and trigonometric identity of 2 cos2 x = 1+cos 2x.
The resultant Mathieu’s differential equation is
d2ϕn,q
dx2
+ [a− 2s cos(2x)]ϕn,q, (4.12)
where
a =
En,q
Erec
− Vlat
Erec
, s =
Vlat
4Erec
. (4.13)
Now the Bloch wave function is the linear combination of the Mathieu sine Se(a, s, kz)
and Mathieu cosine Ce(a, s, kz) functions. According to the Bloch’s theorem, eigen
functions can be written in the Floquet form
ϕn,q(z) = e
iνkz [Ce(a, s, kz) + Se(a, s, kz)] . (4.14)
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Figure 4.2: Band structure in the one-dimensional optical lattice at different lattice
depths. First three energy Bloch bands are shown as function of qd/pi, where d = λ/2.
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Figure 4.3: The probability density |ϕ0,q|2 of the lowest band for different lattice depths
with qd/pi = 1 and qd/pi = 0.
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The characteristic exponent is
ν(n, q) = q ± (−1)npi [n+ n mod 2] , (4.15)
and the plus minus sign follows the sign of quasi-momentum q. If s 6= 0, the wave
function ϕn,q(z) is periodic in z for certain values of a and such characteristic values can
be evaluated directly in Wolfram Mathematica functions MathieuCharacteristicA[ν, q].
At given values of exponent and lattice depth Vlat/Erec = −4s, the band structure
En,q/Erec =MathieuCharacteristicA[ν, q]−2s can be fully evaluated. In Fig. 4.2, we plot
the first three energy band at various lattice depths. For zero lattice depth Vlat = 0, the
band structure became equivalent to the free particle dispersion relation and reduced
to the first Brillouin zone. The energy gap at the edges of the Brillouin zone gets
open with the increase of lattice depth, and eigenenergies separate into distinct energy
bands. The energy gap between these bands increases with the increase of lattice of
lattice depth. The width of the first band gap corresponds to the level spacing ~ωz on
each lattice site.
In Fig. 4.3, the probability density |ϕ0,q|2 of the lowest band for different lattice
depths is plotted with qd/pi = 1 and qd/pi = 0. The probability density at qd/pi = 0
becomes closer to the probability density at edge of the Brillouin zone with increase of
the lattice depth. The tunnel coupling J between neighboring lattice sites is directly
related to the width of the lowest energy band [124] through
J =
E0,pi/2 − E0,0
4
. (4.16)
4.3 Realization of optical lattice
In this section, we described the experimental characterization of a one-dimensional
optical lattice. In the previous chapter, we provided the details of the experimental
setups to realize the three dimensional degenerate Fermi gas of 6Li in single beam
optical dipole trap by performing evaporative cooling technique at the last stage. Once
we get the cooled atoms trapped in single beam trap, we adiabatically applied an optical
lattice potential along z-direction. As a result, standing wave potential generates the
two-dimensional layers of the atoms. Each layer behaves as a two-dimensional trap, and
the distance between each adjacent layer is λ/2. In our experiment, the wavelength of
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x
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Figure 4.4: Experimental setup of the one-dimensional optical lattice. A linearly polar-
ized laser of wavelength 1064 nm was incident along the z-axis onto the atoms trapped by
a single beam and was retro-reflected to create a one-dimensional optical potential. As a
result, atoms distributed into numbers of 2D layers separated by a distance of λl/2. The
blue color coil represents the secondary coil discussed in section 3.2.1. This figure is taken
from reference [125].
the laser used to created two-dimensional trap is 1064 nm. Initially, we made homemade
diode pumped solid state (DPSS) laser to create optical lattice1. However, high heating
of trapped atoms was observed probably due to the line width higher than 500 kHz.
Therefore, we switch to the single mode fiber laser (IPG Photonics) to design the
optical lattice. Simplified schematic of our optical lattice set up is shown in Fig. 4.4. In
our experiment, the quantization axis of the externally applied homogenous magnetic
field through Feshbach coil pair is parallel to the optical lattice direction as indicated
by coordinates in the Fig. 4.4. We selected this particular direction for optical lattice,
because we want to explore the selective p-wave interactions of 6Li atoms in theml = ±1
states by using an optical lattice potential as described in chapter 6 and 7.
Before trapping the atoms in the optical lattice, we first need to hit the incident
1For the detail of building the DPSS laser see the previous master thesis [126].
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laser beam at the center of the atomic cloud trapped in single beam optical dipole.
After performing the evaporation cooling at 300 G in single beam optical dipole trap,
we took the 0 ms absorption image through top imaging. From this image profile,
we obtained the center position of 3D Fermi gas in pixels on CCD camera. Then, we
blocked the retro-reflected beam and aligned the incident lattice beam to this center
position with the help of CCD camera in free run mode. By adjusting the position of
final focusing length and incident mirror, we performed fine overlapping of the incident
lattice beam to the trap centers of single beam optical dipole trap. This configuration
is called the cross-beam optical dipole trap.
Then, we used the technique of compressed mode oscillation to the atomic cloud sim-
ilar to the procedure described in section 3.4.3 for single beam optical dipole trap. The
atomic cloud width along the x-direction (propagation direction of single beam optical
dipole trap) oscillates with twice frequency solely due to incident lattice beam [122].
We estimate the beam waist of incident lattice beam using Eq. (3.27) from the mea-
sured frequency and power of lattice beam. The calibrated beam waist was 65 µm in
our experiment. Now we retro-reflected the incident lattice beam back to the center of
the atomic cloud using cat-eye configuration. For fine-tuning, we first prepare a sample
of cold atoms in single beam optical trap. Then, we turn off the single beam dipole
trap and immediately shine a very short pulse of lattice beam for a time duration of
1 µs. As a result, degenerate Fermi gas splits into discrete components with momenta
that are integer multiples of ~k due to Kapitza-scattering. We maximized the Kapitza-
Dirac scattering efficiency at a fixed pulse duration by optimizing the position of the
retro-reflection mirror and lens.
4.3.1 Characterization of optical lattice
In an ideal condition, the efficiency of overlapping between the incident and retro-
reflected beam is αl = 4. In actual optical lattice potential αl < 4 because of the
imperfection of the retro-reflection due to the loss of laser intensity or polarization
rotation in the reflected beam. In the experiment, αl cannot be measured directly
and needed to be calibrated. We calibrated our lattice depth from the information of
radial frequencies of the optical lattice. We again employed the method of compressed
mode oscillation. We measured radial trap frequencies of optical lattice at different
power with and without optical lattice potential. If we assume the ideal condition
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Figure 4.5: Radial frequencies of the atoms trapped in optical lattice potential versus
power of the optical lattice. Lattice depth αlU0 is calibrated using the Eq. (4.7) as fitting
function with αl as an only free parameter shown by dashed curve. Calibrated value of αl
is 2.56± 0.10 for this measurement.
of αl = 4, the radial frequencies in the presence of lattice potential should be twice of
radial frequencies without retro-reflected beam as given by Eq. (4.7). Since we know the
beam waist of the optical lattice and incident lattice power, therefore, radial frequencies
of optical lattice trap at different power can be used to extract the calibrated value of
αl by using the Eq. (4.7). In Fig. 4.5, we show the radial frequencies of atoms trapped
in lattice potential versus applied lattice power. This data is fitted to the Eq. (4.7)
with αl as an only free parameter. We obtained αl = 2.56± 0.10. Using this calibrated
value of αl, the lattice depth Vlat = αlU0 and confinement frequency ωz (see Eq. (4.9)
) can be estimated.
Lattice depth can also be calibrated using Kapitza-Dirac scattering [115]. In Kapitza-
Dirac scattering, the population of each momentum component oscillates as a function
of Bessel function whose argument depending on lattice depth and time duration
pn =
∣∣∣∣Jn(Vlatt2~
)∣∣∣∣2 . (4.17)
Recoil energy of lithium is high due to the lighter mass, and maximum achievable
power of lattice laser beam is not enough to make the population of the zero-order
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component to the zero level point. However, we can see the reasonable oscillation of
third and fourth momentum component in time duration range of 0.6 to 1.5 µs only at
highest lattice power of 4 W. Since lattice depth is linearly proportional to the lattice
beam power. Therefore, we can estimate the lattice depth at lower lattice beam power.
Then, using Eq. (4.7) and Eq. (4.9) radial and confinement frequency can be estimated.
The radial frequencies play a crucial role in the determination of the density of two-
dimensional Fermi gas. Therefore, measuring the radial frequency and estimating the
lattice depth and confinement frequency is more relevant in our experiment. Hence,
we mostly rely on the characterization of the optical lattice by measuring the radial
frequencies similar to the one shown in Fig. 4.5.
4.3.2 Loading atoms in the optical lattice
In this section, we discussed the experimental procedure to load the atoms in the optical
lattice. After performing the evaporative cooling in single beam optical dipole trap, the
atoms were adiabatically loaded into the optical lattice by slowly ramp up the optical
lattice potential in a time scale of 0.5 to 1 second. Then, we hold the atoms for 500
ms and slowly ramp down the potential of the single beam optical dipole to completely
transfer the atoms in the lowest band of the optical lattice. The non-adiabatic ramp-
up of the lattice potential causes the undesired population of atoms in excited bands.
There are two important time scales relevant to the adiabatic ramp-up of the optical
lattice.
• If the lattice potential is ramp suddenly higher bands get populated. The level
spacing determines the timescale for the adiabatic ramp to avoid the higher band
population. The Bloch states ϕn,q and eigenenergies gives the criteria for this
adiabatic ramp with respect of the level spacing [127]∣∣∣∣〈ϕn,q| ddt |ϕo,q〉
∣∣∣∣ ∣∣∣∣En,q − E0,q~
∣∣∣∣ (4.18)
On the right hand side En,q − E0,q is gap energy. For q ∼ 0 and n = 1 the gape
energy remain finite (approximately 4 Erec) even at a very low lattice depth as
can be seen in Fig. 4.6. For this case, condition of Eq. (4.18) reads:
d
dt
Vlat/Erec =
32
√
2Erec
~
∼ 8× 106 s−1. (4.19)
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Figure 4.6: The gap energy E1,q − E0,q at q = 0 versus lattice depth. Both axis are in
the unit of recoil energy Erec.
The gape energy increases with the increase of the lattice depth as shown in
Fig. 4.6, which makes the condition of adiabaticity more easily satisfied.
• The ramp-up time has to be faster than the time it would take the atoms to
redistribute their momentum within a band due to trap dynamics.
4.3.3 Band Mapping
In the experiment, it is essential to verify that all of the atoms are in the ground state
along the z direction. Therefore, we need experimental knowledge of the distribution
of atoms over different quasi-momentum states and Bloch bands in the optical lattice.
As mentioned before, quasi-momentum q is restricted to the first Brillouin zone and
is not an eigenstate of the real momentum operator. That means information of the
population of the band get lost when we use standard time of flight imaging method in
which lattice is quickly turn off and let the cloud expand freely and capture the image
by CCD camera. The reason is that the quick turn off the lattice will project the quasi-
momenta onto real momenta. Therefore, the Brillouin zone mapping technique was
developed to obtain the information of the band structure [128, 129], which we adopted
here. The Brillouin zone mapping requires the adiabatic ramp down of the optical
lattice before taking the time of flight image. The ramp down duration tBZ should be
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Figure 4.7: Brillouin zone mapping for the optical lattice depth of 9.3Erec. (a) Absorption
image with 5 ms time of flight. The optical lattice was ramped down in 500 µs (b) Integrated
one-dimensional profile along the z direction (lattice direction). The distribution shows a
square shape, indicating that the atomic population was restricted to the first Brillouin
zone. The dashed curve is the fitting of Eq. (4.20) to estimate the percentage of atoms in
the second band which is less than 10 %. (c) Integrated one-dimensional profile along the
y direction, which shows a nearly Gaussian profile indicated by the red dashed curve. This
figure is from reference [125].
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chosen such that no interband transition happen which means that the atoms will stay
adiabatically in the lowest band while quasi-momentum is approximately conserved.
Therefore, the main criteria of the effective band mapping is tBZ  ω−1z [130]. In our
experiment, we ramped down the optical lattice depth within the range of 0.5 to 2 ms,
which was slow enough to guarantee that the atoms stayed in the lowest band with the
quasi-momentum unchanged.
Figure 4.7(a) shows a typical absorption image taken after linearly ramping down
the optical lattice from the depth of 9.3 Erec to zero. In this measurement, we chose
ramp down time of 500 µs, which is sufficiently longer than ω−1z ≈ 1µs. After the
ramp down, we released the cloud and let it expand freely for 5 ms before taking the
absorption image along the x axis. Figures 4.7(b) and 4.7(c) show the integrated one-
dimensional profile along the z and y axes, respectively. The profile along the z axis
shows a square distribution, which indicates that all atoms were in the first Brillouin
zone and the atoms occupied no higher Brillouin zones. In contrast, the profile along
the y axis shows a Gaussian profile as shown in Fig. 4.7(c).
Increasing the number of atoms over the critical number or increasing temperature
can cause the percentage of atoms to occupy higher bands. As a result percentage
of atoms in the first Brillouin zone is less than 100 %. To extract the percentage of
the population in the second Brillouin zone, we convoluted a single step function with
Gaussian function accounting for finite imaging resolution [131]. Fitting function is as
follow
f(z) =
A
2
[
Erf
(
∆ + 2z − 2zc)
2
√
2θ
)
+ Erf
(
∆− 2z + 2zc)
2
√
2θ
)]
+
B
2
[
Erf
(−∆ + 2z − 2zc)
2
√
2θ
)
+ Erf
(−∆− 2z + 2zc)
2
√
2θ
)]
+
B
2
[
Erf
(
2∆ + 2z − 2zc)
2
√
2θ
)
+ Erf
(
2∆− 2z + 2zc)
2
√
2θ
)]
(4.20)
Here, m is atomic mass, θ is imaging resolution, zc is center position, while A and B
are the amplitude of the distribution of atoms in the first and second Brillouin zone,
respectively. The size of the expanded cloud correspond to first Brillouin zone 2~k is
∆ and given by
∆ =
2~k
m
× TOF
16µm/pixel
(4.21)
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The image profile along the z axis shown in Fig. 4.7 (b) is fitted to the Eq. (4.20) with
σ, A, B, zc as a free parameter in the unit of pixel. The green dashed curve is the fitting
result with B/A = 0.065, which demonstrates that the population in an excited band
is negligible (less than 10 %) in our optical lattice. We can see the blurred edges of the
momentum distribution due to the limited imaging resolution. Still, it is visible that
all atoms occupy momentum states within the first Brillouin zone. The image profile
along the y axis in Fig. 4.7 (b) is fitted to the Gaussian function as shown by the red
dashed curve.
4.4 Detection of degeneracy
The approach of determining the temperature, degeneracy parameter and number of
atoms from the absorption image is essentially similar to the 3D case. In the optical
lattice, using the top imaging, we imaged a set of independent 2D-Fermi gases integrated
along the lattice direction similar to the case discussed in Ref [84, 85]. At this point, it
is different from the 3D case where we imaged single 3D Fermi gas integrated along the
direction of the single beam optical dipole trap using axial imaging. We switched off
the lattice potential and let the cloud expand for a time of flight before capturing the
image on the screen of the CCD camera. Figure 4.8 (a) shows the absorption image of
2D-Fermi gases taken at lattice depth of 8 Erec with a 3 ms time of flight. Figure 4.8 (b)
shows the image line profile along the vertical direction where green dots indicate data
points. We fitted the image profile with pixel-based 1D Thomas Fermi distribution for
2D case [84]
n1D =
D0√
piciLi2(−ξ) × Li3/2
(
−ξ e−(x−x0)2/c2i
)
, (4.22)
which is shown by black dashed curve in Fig. 4.8 (b) and capture the experimental data
point accurately. Temperature can be obtained directly from the time of flight width
ci similar to the 3D case
kBT =
m
2
(
ciδcam
τM
)2
, (4.23)
which gives approximately 1.5 µK. The value of fugacity ξ obtained from the fitting
can be directly used to estimate the degeneracy parameter T/TF for 2D Fermi gases
using the relation (see Chapter 2)
T
TF
= [−2Li2(−ξ)]−1/2 , (4.24)
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Figure 4.8: (a) Absorption image of the set of independent 2D-Fermi gases of 6Li atoms
integrated along the lattice direction at lattice depth of 8Erec with a 3 ms time of flight.
(b) One dimensional image line profile along the vertical direction (green dotted point)
with Gaussian Fit (red dotted curve) and Thomas Fermi profile fit (black dashed curve).
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We obtained T/TF ≈ 0.3, which leads the Fermi energy of ≈ 5.0 µK. Since the axial
excitation energy ~ωz ≈ kB× 8.5 µK with ωz = 2pi× 175 kHz is higher than both kBTF
and kBT , most of the atoms are in the motional ground state along the lattice direction.
The expression of exp(−~ωz/2kBT ) ≈ 0.06 determines the fraction of the number of
atoms in the first motional excited state to the number of atoms in the motional ground
state. Therefore, 6% of the atoms would reside in the first motional excited state, which
is consistent with the result obtained from the Band mapping method.
Our imaging resolution is not enough to resolve the 2D layers of the atoms separated
by an equal distance of 0.5 µm. Therefore, we rely on some calibration methods. Since
we know the temperature and degeneracy parameter, we can use the relation of Fermi
energy Eq. (2.39) to estimate the number of sites populated in the optical lattice which
is approximately 100 within ±30% in our case. We also took zero ms time of flight
image of atoms trapped in single beam dipole trap before shining the optical lattice
and measured the width σz along lattice direction through the Gaussian fit. We assume
that σz is divided into the number of layers given by σz × 2/λ, which gives 122 number
of sites. Similarly, 1/e radii of single beam trap along lattice direction is on average
is 28.5 µm. Then, number of lattice layer is (28.5× 2× 2/λ) ≈ 106. These values are
consistent within 40% relative error.
4.5 Summary
In summary, we described the experimental setup of the one-dimensional optical lat-
tice. After characterizing the optical lattice, we show from the band mapping method
that almost all the atoms are in the motional ground state along the lattice direction
or we have less than 10% population in the first excited state. The check of degener-
acy parameter T/TF provided the consistent result with band mapping measurement.
Our optical lattice was parallel to the quantization axis. Therefore, we can safely con-
sider that the tight confinement of the atoms restrict the motion of atoms along the
quantization direction while atoms can freely collide in a plane perpendicular to the
quantization axis. This particular design of optical lattice plays a crucial role to control
the anisotropic interaction in ultracold 6Li atoms, which is the topic of chapter 6.
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Chapter 5
Scattering with p-Wave
Interactions
Scattering experiments using ultracold atomic gases are of great significance and play
a unique role to understand two- few- and many-body physics due to versatile nature
of tunable interactions via Feshbach resonances [3, 8, 9, 10, 132, 133, 134]. The elastic
and inelastic collision are the two main scattering process in ultracold atomic gases.
Elastic collisions provide re-thermalization towards equilibrium and are beneficial to
achieve evaporative cooling towards degeneracy [62]. On other hands, inelastic collisions
generate excess heat and atomic losses, which make them undesirable. Despite this fact,
probing inelastic collision in cold atomic gases is a powerful tool to understand two-
and few-body collision process.
In this chapter, we will discuss the fundamentals of the scattering process between
two atoms with l = 1 angular momentum in 3D and 2D. The detailed review of these
topics can be found in some books [135, 136, 137] and the literature mentioned in the
references of this chapter. In the light of these fundamentals, we derived the expres-
sions of scattering amplitude and discussed the different aspects of p-wave Feshbach
resonances relevant to our research along with experimental observations. Basics of
p-wave scattering covered in this chapter provide the useful background to understand
the experimental results presented in the next coming chapters.
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5.1 Scattering in 3D
In dilute gas of cold atoms, inter particle spacing L ∼ n−1/3 ∼ 1µm is larger than
characteristic range (r0 ∼ 3 nm [138]) of the van der Waals potential. Under these
circumstances, the van der Waals potential between two colliding atoms of equal mass
m at a distance r can be written as
V (r) = −C6
r6
. (5.1)
In the limit of r → ∞ and low energy E, total wave function can take the following
form
ψk = e
ikr + fk(θ, ϕ)
eikr
r
. (5.2)
In above equation, the wave function of the incoming particle is eikr with wave vector
k =
√
2mrE/~2. Here, mr = m/2 is the reduced mass. When r →∞, asymptotic form
of the incoming wave function can be written as
eikr =
∞∑
l=0
il(2l + 1)Pl(cos θ)
sin kr − lpi/2
r
, (5.3)
where Pl(cos θ) is the l
th Legendre polynomial. Second part of Eq. (5.2) described
the scattered wave. The scattering amplitude fk(θ, ϕ) contains all the information
of potential V (r) and incoming wave function. We can write fk(θ, ϕ) = fk(θ) due to
spherical symmetry. Therefore, total cross section for an elastic collision can be written
as
σ = 2pi
∫ pi
0
|fk(θ)|2 sin(θ)dθ. (5.4)
To calculate scattering amplitude, we use the fact that total angular momentum L is
conserved and write down the Schro¨dinger wave equation in spherical coordinates[
− ~
2
2mrr
∂2
∂r2
r +
L2
2mrr
+ V (r)
]
ψ(r, θ) = Eψ(r, θ). (5.5)
We can expand the wave function ψ(r, θ) in terms of Legendre polynomials due to
spherical nature of interacting potential V (r) in the following form
ψ(r, θ) =
∞∑
l=0
AlPl(cos θ)Rl(r). (5.6)
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Using transformation Rl(r) = Ul(r)/r, radial part of the Eq. (5.5) transformed into
following equation
U ′′l +
[
2mr
~2
(E − V (r))− l(l + 1)
r2
]
Ul(r) = 0. (5.7)
Far away region when r → ∞, asymptotic form of the radial wave function can be
written as
Rl(r)r→∞ −→ sin(kr − lpi/2− δl(k))
r
. (5.8)
Here, δl(k) is the partial wave scattering phase shift due to scattering potential. In-
serting Eq. (5.8) in Eq. (5.6), and Eq. (5.3) in Eq. (5.2) and comparing them together,
we can obtained expression of scattering amplitude in terms of scattering phase shift
given by
fk(θ) =
∞∑
l=0
(2l + 1)Pl(cos θ)fl(k), (5.9)
where lth partial wave scattering amplitude can be written as [135]
fl(k) =
e2iδl(k) − 1
2ik
=
1
k cot δl(k)− ik . (5.10)
In case of p-wave scattering for which l = 1, we can use the low energy effective range
expansion given by [46, 136, 137]
k3 cot δp(k) = − 1
Vp
− kek2. (5.11)
Here, ke is effective range and assumed to be positive. The second parameter Vp
is known as scattering volume and it plays the analog role of scattering length. In
other words, Vp is the controllable parameter in experiments and will be discussed in
details later in this chapter. Now we can write the simplified form of p-wave scattering
amplitude in three dimensions as follows
fp(k) =
−k2
1
Vp
+ kek2 + ik3
. (5.12)
Using Eq. (5.9) in Eq. (5.4) and applying the orthogonality condition, we can simply
write total elastic collision cross section as
σp = 4pi(2l + 1) |fp(k)|2 . (5.13)
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In the low energy limit when k → 0, threshold behavior for p-wave scattering cross
section is σp ∝ E2.
The spatial part of the two-body wave function given by Eq. (5.6) is antisymmetric
for l = 1, resulting from the parity of the Legendre polynomials. Hence, according
to the Pauli principle, two identical fermions interact with each other only through
p-wave channel. At ultracold temperature, the strength of this interaction is quite
weak. However, in the presence of a p-wave Feshbach resonance, p-wave interactions
are drastically enhanced at low temperatures.
5.2 p-wave Feshbach resonance
The scattering resonance feature between the collision of two atoms with relative
wave vector k can be understood from the scattering amplitude expression given by
Eq. (5.12). Let us first transform the p-wave scattering amplitude in term of collision
energy E using k =
√
mE/~2 in Eq. (5.12). We obtained
fp(E) =
1
ke
× −E
(E − Eb) + iΓe/2 . (5.14)
Here, Eb represents the energy of bound state and given by
Eb = − ~
2
mVpke
, (5.15)
and
Γe =
2
√
mE3/2
~ke
. (5.16)
Here, Γe is called the energy width of the resonance [36]. At the resonance, the scat-
tering cross section reaches maximum when the real part of the scattering amplitude
in Eq. (5.14) goes to zero. In simple words, resonance will happen when the collision
of energy E of two colliding atoms coincides with the bound state energy Eb, that is
E ≈ Eb. If it is possible to tweak the energy of the colliding atoms relative to the bound
state energy Eb with controlled fashion, we can realize these scattering resonances in
the experiment. Here is the point where the experiments on cold atomic gases pro-
vided a unique breakthrough to observe these scattering resonances by just applying
an external magnetic field and known as Feshbach resonances. Feshbach resonances
can enhance scattering in any angular momentum channel, and we will discuss p-wave
Feshbach resonance that is the primary tool to tune interactions in our experiments.
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Figure 5.1: (a) Pictorial diagram of a p-wave Feshbach resonance. Resonance appears
when collision energy of two atoms in the continuum of the open channel matches with
a bound state of the closed channel. These two channels can be tuned relative to each
other via external magnetic field due to the different magnetic moments between them.
(b) Energy dependence of the molecular and atomic states as a function of the external
magnetic field. Resonance happens at the avoid crossing point B0 and scattering volume
changes the sign across the resonance. Feshbach molecules can be adiabatically transferred
into free atomic pairs and vice versa due to the avoided crossing.
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To understand the principle of p-wave Feshbach resonance, we consider the two
molecular potentials for atoms in different hyperfine states (see Fig. 5.1(a)). The molec-
ular potentials posses p-wave centrifugal barrier of height ~2/(mr2) as can be seen from
the second term inside the square bracket of Eq. (5.7). In case of 6Li atoms, the height
of this barrier is kB×8 mK at threshold [139]. The two atoms at energy E collide in the
open channel, which is a triplet. The closed channel is the singlet and posses a bound
state of energy Eb. The closed channel is energetically not accessible at the infinite
separation of atoms. Since the magnetic moment of the open channel µo = 2µB differs
from the magnetic moment of the closed channel µc = 0. Therefore, two potentials
will shift in the presence of an external magnetic field. Hence, by applying a magnetic
field, a bound state of the closed channel comes into degeneracy with the continuum
of open channel giving rise to scattering resonance (see Fig. 5.1(b)). Such resonances
are known as p-wave Feshbach resonances. Near the resonance, the scattering volume
as function of external magnetic field is parametrized as [140]
Vp = Vbg
[
1− ∆B
B −B0
]
, (5.17)
with Vbg, ∆B, B, and B0 being the background scattering volume, resonance width,
external magnetic field, and resonance position, respectively.
When the magnetic field is below the resonance position B0, bound states lies below
the continuum, and this leads to the positive side of the scattering volume. At reso-
nance, bound state energy matches with the collision energy of two-atoms in continuum
and infinitely large scattering volume gives maximum scattering cross section. When
the magnetic field is above B0 a virtual bound state due to the centrifugal barrier exists
above the continuum and is known as the quasi-bound state, this yields negative scat-
tering volume. Binding energy of this quasi-bound state can be written from Eq. (5.15)
Eb ≈ − ~
2
mVpke
≈ ∆µ× (B −B0), (5.18)
where ∆µ is the relative magnetic moment between the molecular state in closed channel
and scattering state in open channel. The lifetime of the quasi-bound state is decided
by Eq. (5.16) in the energy unit and can be considered as the inverse tunneling time
into the quasi-bound state at energy E. Hence, the width of the p-wave resonance
depends on finite resonant scattering energy with scaling law of E3/2. In the low
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Table 5.1: The scattering parameters for the three possible p-wave Feshbach resonances
in 6Li. Data is for the atoms prepared in two hyperfine state |F,mF〉. Here, |1〉 = |1/2, 1/2〉
and |2〉 = |1/2,−1/2〉. The product of Vbg and ∆B is written in terms of Bohr radius a0.
These parameters are adopted from the references [50, 57, 58].
Channels B0 [G] Vbg∆B × 106a30 [Gm3] ∆µ [µK/G]
|1〉 − |1〉 159 −2.8± 0.3 113±7
|1〉 − |2〉 185 −1.79 111±6
|2〉 − |2〉 215 −1.1 118±8
energy limit, when E → 0, the energy width of the resonance goes Γe → 0, which
means p-wave Feshbach resonance is inherently narrow. In ultracold Fermi gas of 6Li
atoms, p-wave Feshbach resonance can occurs in two lowest hyperfine ground state
of |F,mF 〉 = |1/2, 1/2〉 (≡ |1〉) and |F,mF 〉 = |1/2,−1/2〉 (≡ |2〉) via three channels.
These three channels along with scattering parameters are reported in Table 5.1. In
this table, we reported Vbg and ∆B in product form because near the resonance second
term inside the square bracket of Eq. (5.17) is much larger than one. In experiment,
these resonances were first reported at ENS [48] and at MIT [49] in cold atomic gas of
6Li atoms.
Unlike broad s-wave Feshbach resonances, effective range term needs to be included
for the description of the p-wave scattering processes. In the near resonance regime,
effective range term can be approximated from Eq. (5.18) in terms of resonance param-
eters [141, 142, 143]
ke ≈ ~
2
mVbg∆B∆µ
. (5.19)
The effective range is inversely related to the resonance width and have very less
sensitivity to the magnetic field. Estimated effective range for |1〉 − |1〉 channel is
(0.091 ± 0.01) a−10 and |1〉 − |2〉 channel is (0.145 ± 0.01) a−10 in terms of Bohr radius
a0. In the limit of low energy, when k → 0 and scattering volume is sufficiently small,
the first term in the effective range expansion of Eq. (5.11) dominated over the second
term and effective range can be ignored [61].
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5.2.1 Magnetic field stabilization
The energy width Γe approaches to zero in the low energy limit and makes the p-
wave Feshbach resonance inherently narrow as discussed previously. Therefore, strong
magnetic field stability and its resolution in step of less than 1 mG is the essential
requirement to perform the experiment near a p-wave Feshbach resonance. In our
experiment, we are able to stabilize the fluctuation in the magnetic field down to
8 mG, which is still enough to carry out the experiment. Complete details of our
experimental setup for magnetic field stabilization can be found in the previous thesis
from our group [92]. Here, we briefly review it again.
We first measured the current in voltage unit using a Hall probe in the loop of
Helmholtz coil pairs as shown in Fig 5.2 (a), and 50 Hz noise from the AC line arises
as shown by red line. Its amplitude is 0.2 that corresponds to approximately 300 mG.
This amplitude is much larger than the resonance width and forbids us to control p-
wave interactions. The schematic outline of magnetic field stabilization setup is shown
in Fig. 5.3. We connect MOSFET parallel to the coil pair. The voltage value of the
Hall probe is proportional to the current running in the coil. We applied this voltage
as input together with control voltage prepared separately to the differential amplifier.
The output of the amplifier fed to the gate of MOSFET as feedback that reduces the
current in coil and current gets stabilized.
Figure 5.4 shows the current stabilization circuit, which is similar to the feedback
circuit. A capacitor of 470 nF is connected parallel to the input resistor of the final stage
operational amplifier. This capacitor is necessary to compensate the phase shift of the
current flowing in a large coil. Fig 5.4 (a) is the subtraction circuit which removes the
DC component of the circuit flowing through the circuit; as a result, the noise portion
is extracted. In Fig 5.4 (b), the magnetic field is determined by the resolution of the
analog output board. An offset voltage is added to the addition circuit to improve the
magnetic field resolution. An analog output board can give 10 V output. However, we
achieved current stabilization only a few hundred mV between 6.5 and 8 V. Therefore,
at about 7 V offset, the resolution is improved 30 times. As a result, we should be
able to precisely control the magnetic field down to 1 mG. However, the noise is larger
than the change amount, and value higher than the magnetic field noise determine
the accuracy. The blue line in Fig 5.2 (a) shows the signal after current stabilization.
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Figure 5.2: (a) Red signal: The current measurement before stabilization containing
50 Hz AC line noise of amplitude 0.2 V which corresponds to 300 mG. Blue signal: The
current measurement result after stabilization and AC line noise has been removed. (b)
Zoom out version of stabilized signal showing 5 mV fluctuation which corresponds to 8 mG
noise. This figure is adopted from previous master thesis [92].
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Figure 5.3: Schematic diagram of current stabilization. A MOSFET is connected in
parallel to the coils. Noise is removed by controlling the gate voltage of MOSFET. This
figure is taken from previous master thesis [92].
Figure 5.4: Current stabilization circuit. It amplifies the difference between the signal
voltage and the control voltage of the Hall probe and feeds it to the gate of the MOSFET.
(a) Circuit for removing the DC component of the current flowing through the coil and
extracting the noise part. (b) In the addition circuit an offset voltage is added to improve
the magnetic field resolution. This figure is taken from previous master thesis [92].
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Figure 5.2 (b) shows the enlarged stabilized signal and shows that the noise is only
5 mV which corresponds to 8 mG magnetic field noise. To keep the stability over a
long time, we use non-magnetized optical table and nearby optics elements.
5.2.2 Doublet structure
Tuning the collisional properties of 6Li atoms with the external magnetic field is the
main central tool in this work. In our experiment, the axis of quantization is parallel
to the externally applied magnetic field. Therefore, the form of the interaction between
two atoms with angular momentum l = 1 (p-wave) depends on the projection of the
relative angular momentum vector onto the external magnetic field axis. In this case,
the modified dipole-dipole interaction originates the doublet structure of the p-wave
Feshbach resonance. C. Ticknor et. al., [46] investigated the doublet structure of the
p-wave Feshbach resonance and is briefly reviewed before explaining the missing of
doublet structure in 6Li atoms.
The Hamiltonian describing the magnetic dipole-dipole interaction between the spin
of two valence electron is [46]
Hss = −α2 3(rˆ.sˆ1)(rˆ.sˆ1)− (sˆ1.sˆ2)
r3
. (5.20)
Here α = 1/137.0426 is the fine structure constant, sˆi is the spin of the valence electron
on the ith atom, r denotes the internuclear axis, and rˆ is the normal vector defining
the interatomic axis. The above Hamiltonian can be isolated into the spin s1 ⊗ s2 and
partial-wave operators C(θ, φ). The partial wave operator acts on the component of the
quantum state |lml〉. For l = 1, ml = 0 dipoles are aligned parallel to the quantization
axis while for ml = ±1 dipoles are oriented perpendicular to the quantization axis. It
turns out that the matrix element of the partial wave operator C(θ, φ) between two
dipoles aligned in ml = 0 configuration and the two dipoles aligned in ml = ±1 config-
uration is different. It means that the interactions depend on the ml. In other words,
bound states with different ml have different energies. Therefore, incoming atoms with
different values of ml couple to distinct bound states in the closed channel. Thus,
resonance has different magnetic field dependencies and leads the doublet structure.
We can view the semiclassical picture of the dipolar splitting by assuming the
motion of the atoms in the resonant state as circular orbits as shown in Fig 5.5. For
ml = ±1, the motion of the atoms is in the plane perpendicular to the magnetic field
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Figure 5.5: The lower panel represents the semiclassical picture of the dipole-dipole
interaction while the upper panel shows the angular dependence. In ml = ±1 case, dipoles
are aligned in a plane perpendicular to the quantization axis. In ml = 0 case, dipoles are
aligned in a plane parallel to the quantization axis.
that corresponds to motion described by the angle φ. In this case, dipoles are aligned
side-by-side configuration and always interact in a repulsive manner. On the other
hand, for ml = 0, the motion of the atoms is in a plane containing the magnetic field,
which corresponds to motion described by the angle θ. The magnetic field lies in the z-
direction. The interaction for ml = 0 alternates between attractive and repulsive as the
dipoles change between head-to-tail attraction and side-by-side repulsion. Therefore,
p-wave interactions are anisotropic.
J. P. Gaebler et al ., [53] successfully created the p-wave Feshbach molecules in
ml = 0 and ml = ±1 state of degenerated 40K atoms, and dissociation profile clearly
reveals the angular distribution of ml = 0 and ml = ±1 angular momentum state.
Tuning the anisotropic interactions in 40K was straightforward due to a relatively large
resonance splitting on the order of 0.5 G [45, 47]. In contrast, the dissociation profile
of the p-wave Feshbach molecules created in 6Li [59] show the overlapped angular
distribution due to less than 10 mG splitting of the two resonances [56, 59]. We will
discuss how to tune interactions in selected angular momentum state of 6Li in next
chapter.
80
5.2 p-wave Feshbach resonance
Figure 5.6: Experimental time chart to determine the position of the magnetic field B0
at which resonance occurs. The magnetic field is swept quickly toward the lower field side
of the resonance (B0) to avoid adiabatic creation of p-wave molecules. Then, the magnetic
field is ramped to various values B close to the resonance where we hold atoms for 20 ms.
After holding the atoms, we turned off the magnetic field and released the atoms from the
trap for the fixed time of flight (TOF) before taking the absorption image.
5.2.3 Determination of Feshbach resonance
In previous subsections, we theoretically reviewed that the p-wave Feshbach resonances
are tuneable by external magnetic field and posses doublet structure. This section
describes the experimental method to determine the p-wave Feshbach resonance. At
resonance, inelastic collision losses get peaked value along with elastic collisions. As a
result, at the resonance, a large number of atoms gets depleted from the trap. Therefore,
we adopted the atomic loss measurement method as described below.
We start with the trapping of identical 6Li atoms in the lowest hyperfine ground
state |1〉 ≡ |F = 1/2,mF = 1/2〉 using single beam optical dipole trap as described
in third chapter. After performing the evaporative cooling at 300 G, we ramped the
magnetic field to the vicinity of the |1〉 − |1〉 state p-wave Feshbach resonance located
at B0 = 159.17(5) G by changing the current of the main power supply. Then, we
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turned on the stabilization circuit that reduces the fluctuation in the magnetic field
to 8 mG. Now we follow the procedure shown schematically in Fig. 5.6 by controlling
the current using stabilization circuit. Initially, magnetic field lies at non-interacting
and far above position from the resonance point B0. Then, we abruptly ramped down
the magnetic field to the far below non-interacting regime of the resonance to avoid
adiabatic creation of Feshbach molecules. After that, we quickly ramped the magnetic
field to the different magnetic field detunings values B −B0 for the fixed hold time of
20 ms. After hold time, we quickly turned off the magnetic field and took the time of
flight imaging through absorption imaging.
Figure 5.7 (a) and (b) shows the number of atoms at the various magnetic field
detunings at two fixed temperature of 1.5 and 2.5 µK, respectively. Increase in the
temperature broadens the atomic loss feature only toward the higher side of the mag-
netic field. The sharp edge of the loss curves in the lower magnetic-field side is always
sharp for both temperatures. This sharp edge of the loss feature in the lower magnetic
field side corresponds to the p-wave Feshbach resonance position B0 [50]. The zero
point in Fig. 5.7 indicates the resonance position.
Due to the doublet structure of the p-wave Feshbach resonance, we should be able
to see the two loss valleys in the atomic loss features of Fig. 5.7 similar to the case of
ultracold 40K Fermi gas. This measurement again proves that the splitting of resonance
between ml = 0 and ml = ±1 projections is unresolvable for 6Li atoms, in fact, even
at the lower temperature achieved till today.
5.3 Breit-Wigner model
The resonance loss curves in Fig. 5.7 arises due to the enhanced three-body collision
process because the 6Li atoms trapped in the lowest hyperfine ground state |1〉 are
energetically forbidden to collide via a two-body process. The line shape of the reso-
nance loss feature in Fig. 5.7 displays an asymmetry characteristic of near-threshold
resonances, as is seen in photoassociation spectroscopy [145]. Therefore, we consider
the analog situation of the laser-induced photoassociation trap loss [145] for the p-wave
Feshbach resonance case. We assume that the two atoms with relative kinetic energy
E collide in the presence of a molecular bound state that is resonant with the collision
energy. Then, the two colliding atoms couples resonantly to the quasi-bound state
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Figure 5.7: Number of atoms at different magnetic field detunings for the hold time of
20 ms at two fixed temperature: (a) 1.5 µK and (b) 2.5 µK. The sharp edge in the lower
side of the magnetic field corresponds to the resonance position B0. Only single maximum
loss valley of atomic loss feature indicates that doublet structure of the p-wave Feshbach
resonance is unresolvable in 6Li Fermi gas. The solid blue curves are the theoretical results
obtained from Eq. (5.24) and Eq. (5.25) based on the Breit-Wigner theoretical description
of the resonance enhanced three-body collision losses [144].
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[i.e., Li + Li 
 Li2(e)] that gives the resonance structure. The bound state undergo a
relaxation into a deeply-bound dimer Li2(d) as a result of the collision with the third
atom, which is represented by the relaxation event
Li2(e) + Li −→ Li2(d) + Li + δ. (5.21)
Where the excess energy δ is added to the kinetic energy of the atom and dimer. In
this way, the third atom plays the role similar to the role of the photon in the laser-
induced photoassociation trap loss. This analog mechanism is as also pointed out to
describe the three-body collision losses in Bose gases for the case of s-wave Feshbach
resonance [51, 146].
The energy strength of the resonant coupling at collision energy E exhibits a Wigner
threshold form given by Eq. (5.16) [36]. Let suppose that the Γd is the energy width that
described the relaxation event of Eq. (5.21). The cross-section of resonance-enhanced
three-body recombination can be written in the following form using the Breit-Wigner
theoretical approach [135, 146]
σp =
3pi
k2
ΓeΓd
(E − Eb)2 + (Γe + Γd)2 /4
. (5.22)
The resonance enhanced three-body rate constant is described as K3 = (2~k/m) ×
(φae/φaaa)× σp with relative velocity vr = 2~k/m [74]. Here, φae represents the phase
space of an atom and resonant bound state while φaaa is the phase space of three atoms.
From N -particle phase space integral, one can obtain φae/φaaa = 96
√
3pi/k3 [147].
As a result, we obtain the three-body rate constant in the form of the Breit-Wigner
expression given as [144]
K3 =
144
√
3pi2~5
m3E2
× 4ΓeΓd
(E − Eb)2 + (Γe + Γd)2/4 . (5.23)
The actual experimental value which is responsible of depletion of atoms is the
three-body loss coefficient L3 is the thermal average of l3 = 3K3/6 [64] for an atomic
ensemble. Therefore, we consider the thermal averaging over the Maxwell-Boltzmann
distribution [52, 145].
L3 =
2√
pi(kBT )3/2
∫ ∞
0
l3 ×
√
Ee−E/kBTdE. (5.24)
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The rate of depletion of the number of atoms at various magnetic field detuning in in
Fig. 5.7 is governed by the rate equation
dn
dt
= −L3n3. (5.25)
The loss rate given by Eq. (5.25) is density dependent. We substitute Eq. (5.24) in
the solution of Eq. (5.25) and solve it numerically to find out the number of atoms as
a function of magnetic field detunings1. We use Vbg∆B = (−2.8 ± 0.3) × 106a30 [59],
ke ≈ (0.091± 0.01) a−10 , fixed trapping conditions (hold time, trapped frequencies and
temperature), and Γd as the only free parameter. The blue line curves in Fig. 5.7 (a)
and (b) show the best fit result with Γd ∼ kB × (0.15 ± 0.03) µK. A theoretical curve
for the number of atoms as the function of magnetic field detunings is fairly consistent
with the experimental data [144].
5.4 Scattering in 2D
Collision process between the two atoms of mass m modifies in reduced dimensionality.
Here, we review the basic fundamentals of the p-wave scattering in 2D. In the limit
of infinite separation between the two colliding atoms and at low energy, the scatter-
ing state can be approximated as a superposition of incoming wave and a scattered
cylindrical one [137, 148]
ψq ∝ eiqρ −
√
i
4piqρ
fq(ϕ)
eiqρ
ρ
. (5.26)
Here, q is the relative wave vector of the two colliding atoms in 2D. In polar coordinates,
ρ is the radius. The angle between the direction of the incoming wave and the direction
of the scattered wave is ϕ while fq(ϕ) is the two-dimensional scattering amplitude. In
the limit of ρ→∞, expressing the incoming wave in terms of partial wave expansion,
we can write
ψq =
1√
2piqi
∞∑
l=0
li
l cos(lϕ)
[
(−i)l−1/2eiqρ√
ρ
− (i)
l−1/2e−iqρ√
ρ
]
−
√
i
4piqρ
fq(ϕ)
eiqρ
ρ
. (5.27)
1In our experiment atoms were hold in the trap for the time duration of 20 ms, which exceeds the
radial trap period but it is less than the axial trap period. Therefore, we used the method described in
Ref [51] and consider the radial density profile as an equilibrium while the axial density profile n(z, t)
as a non-equilibrium profile.
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Here,  = 2 for l 6= 0. To find out the expression for the two-dimensional scattering
amplitude, we start by write the Schro¨dinger wave equation in the center-of-mass frame
[
−~
2
m
∇2 + V (r)
]
ψ(r) = Eψ(r). (5.28)
Here, E = ~2q2/m is the collision energy between the two colliding atoms. In terms of
polar coordinates [r ≡ (ρ, ϕ)], above equation becomes
1
ρ
∂
∂ρ
(
ρ
∂ψ
∂ρ
)
+
1
ρ2
∂2ψ
∂2ϕ
+
[
q2 − mV (ρ)
~2
]
ψ = 0. (5.29)
For simplicity, we consider ψ ≡ ψ(ρ, ϕ). Using separation of the variable technique, the
scattered state can be expressed as
ψ =
∞∑
l=0
l cos(lϕ)Rl(ρ). (5.30)
This reduces the problem to solve Rl(ρ) using the one dimensional radial Schro¨dinger
equation
−~2
m
1
ρ
d
dρ
(
ρ
dRl(ρ)
dρ
)
+
(
V (ρ) +
m~2
ρ2
− ~
2q2
m
)
Rl(ρ) = 0. (5.31)
In the limit, outside the potential range when ρ → ∞, the solution is a superposition
of all partial waves
ψ =
1
2i
√
q
∞∑
l=0
Al cos(lϕ)
[
(−i)l−1/2ei(qρ+δl(q))√
ρ
− i
l−1/2e−i(qρ+δl(q))√
ρ
]
, (5.32)
where δl(q) is the collisional phase shift of the l
th partial wave. Comparing Eq. (5.32)
with Eq. (5.27), we obtained
fq(ϕ) =
∞∑
l=0
l cos(lϕ)fl(q), (5.33)
where lth partial wave scattering amplitude in 2D is given by
fl(q) = 2i
(
e2iδl(q) − 1
)
=
−4
cot δl(q)− i . (5.34)
For the case of p-wave scattering l = 1, we can use the two dimensional effective range
expansion [149] given by
q2 cot δp(q) = − 1
Ap
−Bpq2, (5.35)
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where Ap and Bp is the two dimensional scattering area and effective range, respec-
tively. Therefore, two dimensional partial p-wave scattering amplitude can be written
in following simplified form [71, 149, 150]
fp(q) =
4q2
1
Ap
+Bpq2 + iq2
, (5.36)
and the total scattering cross-section is
σp(q) =
1
8piq
∫
dϕ |fq(ϕ)|2 . (5.37)
In two dimension, role of scattering volume is played by scattering area that diverges
at the resonance and the scattering cross section hits the maximum.
5.4.1 Quasi-2D scattering with axial confinement
Experimentally, two-dimensional geometry can be realized by strongly compressing
the atomic distribution in axial direction z. As a result, atomic collisions along axial
direction gets freeze while atoms motion along x-y direction is assumed to be free. In
our experiment, we obtained the strong confinement along the axial direction using the
optical lattice of harmonic potential V (z) = mω2zz
2/2 such that chemical potential,
thermal energy, and Fermi energy are all smaller the energy gap ~ωz in this direction.
In this geometry, the problem can still be separated in relative and center-of-mass
coordinates. The Schro¨dinger wave equation in the center-of-mass frame modified as
follows [151] [
−~
2
m
∇2 + V (r) + V (z)− ~ωz
2
]
ψν(r) = (E − ν~ωz)ψν(r), (5.38)
where ψν(r) = φν(z)ψ(r), φν(z) are the eignen functions of the harmonic oscillator
states ν. For the ground state ν = 0, In the ultracold limit with respect to axial
motion, it can be assumed that lz  r0 1. Here, lz =
√
~/(mωz) is the harmonic
oscillator length and r0 is the characteristic range of the interacting potential V (r). In
this case, the scattering area can be related to the confinement strength as [150]
Ap =
3
√
2pil2z
4
(
l3z
Vp
+
kelz
2
− 0.065553
)−1
. (5.39)
1Typically lz ∼ 75− 100 nm in our experiment, which is larger than r0 ∼ 3 nm.
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The scattering area Ap depends on the 3D scattering parameters Vp and ke. Similarly,
the effective range Bp is [150]
Bp =
4
3
√
2pi
(kelz − 0.14641)− 2
pi
ln(lzq). (5.40)
In contrast to the 3D case, the effective range Bp logarithmically depends on collision
energy. However, the magnitude of this logarithmic term is negligible compared with
the rest terms in the above equation.
5.4.2 p-wave Feshbach resonance in 2D
The scattering volume diverges at the p-wave Feshbach resonance in 3D as shown by
the solid curve in the Fig. 5.8. At resonance, the absolute square of the 3D scattering
amplitude |fp(k)|2 becomes maximum. Similarly, in quasi-2D, scattering area should
diverge at the resonance that is 1/Ap → 0. From Eq. (5.39), the value of magnetic field
B at which the scattering area hits the maximum is
B2D = B0 − Vbg∆Bke
2l2z
+
c1Vbg∆B
l3z
, (5.41)
Here, B0 is resonance position in 3D, and c1 ≈ 0.065553 is the constant. The green
dashed curve in Fig. 5.8 shows the scattering area as a function of magnetic field
detuning with ωz = 2pi × 275 kHz. The scattering area diverges at the higher position
of the magnetic field than the resonance position B0 in 3D. The difference between
the value of B at which scattering area diverges and B0 increases with increase of
confinement frequency ωz or lattice depth.
To determine the p-wave Feshbach resonance the 2D Fermi gas was prepared at
300 G as described in chapter four. Then, we swept the magnetic field to |1〉− |2〉 state
p-wave Feshbach resonance located at 184 G. Then, we follow the procedure similar
to the 3D case as schematically described in Fig. 5.6. Here, we choose the |1〉 − |2〉
scattering channel because resonance will dominantly occur via spin-relaxation process,
which two-body inelastic process. We observed atomic loss feature similar to Fig. 5.7
for the 3D case. However, the sharp edge that corresponds to the resonance position
in 2D was observed to be shifted toward the higher magnetic field side due to the
optical lattice confinement compared to the resonance B0 without optical lattice [47].
The observed resonance shift versus optical lattice depth is plotted with filled circles
in Fig. 5.9. The solid red triangle shows the resonance position with no optical lattice
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Figure 5.8: The scattering volume (solid curve) and scattering area (green dashed curve)
as a function of magnetic field. The scattering area diverges at the higher position of the
magnetic field than the resonance position in 3D. This difference increases with the increase
of lattice confinement.
confinement. The dashed curve shows the theoretical result of the resonance shift from
the Eq. (5.41) without any free parameter, in agreement with the experimental data.
From Eq. (5.41), shift in resonance position depends on scattering parameter Vbg∆B,
effective range ke and lattice depth. In other words, if we correctly calibrated the
lattice depth, either scattering parameters or effective range can be measured with a
simple experiment provided one of them to be known. In reverse, if the effective range
and scattering parameters are known, this experiment can be used to calibrate lattice
parameters.
We performed similar measurement in quasi-2D for the case of |1〉 − |1〉 resonance
channel. In this case, resonance occurs at 159 G. At |1〉 − |1〉 state p-wave Feshbach
resonance, the atomic losses happen due to only enhance three-body recombination. In
this case, the observed resonance shift versus optical lattice depth is plotted with blue
markers in Fig. 5.10. The black triangle is the resonance position without the optical
lattice potential. Similar to the |1〉 − |2〉 resonance channel, the shift in the resonance
position also increases with the increase of the lattice depth. Since this resonance hap-
pens due to enhanced three-body loss processes instead of two-body process, therefore,
it is not clear that the Eq. (5.41) still hold. Therefore, for this case, we extracted the
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Figure 5.9: Filled circles show the measured shift in Feshbach resonance versus optical
lattice depths for the case of |1〉 − |2〉 resonance. The resonance location was determined
from the sharp lower field edge of the atomic loss profile. The error bars shows an uncer-
tainty in the determination limited by the stability of the magnetic field, which is 8 mG.
The red solid triangle shows the resonance position with no optical lattice confinement.
The dashed curve shows the theoretical result of the resonance shift from the Eq. (5.41)
without any free parameter.
resonance shift based on the model in which we determined the collision energy of the
atoms by the kinetic energy (namely the Fermi energy in this case) of the atoms along
the x and y directions [47] as shown by the red dashed curve. The width of the shade
indicates the uncertainty of the magnetic moment of the molecular state. We found
reasonable agreement between the model and the experimental result, but some sys-
tematic deviation is still visible. One possible origin of the deviation is the interatomic
interactions enhanced near the p-wave Feshbach resonance due to three-body process.
Syassen et al. [152] reported the resonance shift due to the combined effect of tight
confinement and the s-wave interatomic interactions in the system of bosons in a three-
dimensional optical lattice. There may be a way to generalize the idea to the system of
fermions with p-wave interactions. More detailed understanding of this resonance shift
requires future study. The optical lattice condition for this measurement was different
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Figure 5.10: Solid circles show the measured shift in Feshbach resonance versus optical
lattice depths for the case of |1〉 − |1〉 resonance channel. The error bars indicate an
uncertainty of 8 mG. The solid triangle shows the resonance position with no optical
lattice confinement. The solid curve shows the calculated resonance shift from the collision
energy of the atoms. This figure is taken from Ref [125].
(beam waist 71 µm and αl = 2.2). Therefore, it may also be possible that the small
deviation arises from the error in the calibration of the lattice depth.
5.5 Summary
In summary, we derived the p-wave scattering amplitudes for the case of two colliding
atoms in three and two-dimensional traps. We highlighted the various aspects of the
p-wave Feshbach resonances such as narrowness and doublet structure. The narrow
nature of the p-wave Feshbach resonance poses the stringent requirement of the mag-
netic field stability, which we obtained down to 8 mG by controlling the current in a
bypass circuit added in parallel to the Feshbach coils [50]. The doublet structure of the
resonance cannot be resolved in 6Li atoms using the external magnetic field. The line
shapes of the resonance loss feature display an asymmetry characteristic similar to the
Laser-induced photoassociation trap loss. We explained these asymmetric resonance
line shapes with the standard Breit-Wigner theoretical approach. The scattering pa-
rameters for the case of atoms trapped in quasi-2D depends on confinement frequency
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and scattering parameters of the 3D scattering. The magnetic field resonance posi-
tion in 2D is shifted to higher value compared with the resonance position in 3D, and
magnitude of the shift can be explained from the two-dimensional p-wave scattering
amplitude.
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Chapter 6
Feshbach Molecules in ml = ±1
State
In the previous chapter, we explained that due to dipole-dipole interactions between
two atoms in a p-wave Feshbach molecular state, p-wave Feshbach resonances possess
doublet structure originating from the different angular momentum projections ml = 0
and ml = ±1 [46]. We deduced from the experimental observation of the atomic losses
as a function of magnetic field detuning that the doublet structure of the p-wave Fesh-
bach resonance in cold 6Li atoms is unresolvable. The main reason is that the splitting
of the two resonances in 6Li is predicted to be quite small and less than 10 mG [56].
Therefore, previous experimental studies on cold 6Li atoms [48, 49, 50, 56, 57, 59, 60]
were carried out with the assumption as a single resonance. This situation is opposite
for the case 40K atoms where the order of the splitting of the two p-wave Feshbach
resonances is 0.5 G, and tuning p-wave interactions in selective angular momentum
state is possible by just changing the magnetic field values [45, 47, 53, 54].
The splitting of Feshbach resonance is known to have a significant influence on the
resultant superfluid phases [37]. While the superfluid phase diagram becomes simple for
the case of a large resonance splitting, a complicated and variety of superfluid phase
diagrams are expected to appear for the case of a small resonance splitting due to
the varying anisotropy of the interactions which depends sensitively on the magnetic
field [37]. Since the small splitting is an essential origin of the rich superfluid phase
diagram, 6Li is an attractive system to study a p-wave superfluid. However, the small
splitting makes the experimental characterization of p-wave Feshbach resonances quite
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challenging because of the incapability of accessing each resonance independently.
This chapter presents the selective creation of p-wave Feshbach molecules of 6Li
atoms in the ml = ±1 states by using an optical lattice potential. We used a one-
dimensional optical lattice along the quantization axis to create a two-dimensional gas
of atoms as discussed in detail in the fourth chapter. As a result of the tight confinement
of the atoms along the quantization direction, the coupling of the atoms to the p-wave
molecular state of ml = 0 is suppressed and the coupling to the ml = ±1 state is
singled out despite the small splitting between ml = 0 and ml = ±1 resonances. In
this configuration, p-wave molecules in ml = ±1 are created by adiabatically ramping
the magnetic field across |1〉 − |1〉 state p-wave Feshbach resonance.
To reveal the symmetry of the p-wave molecules, the momentum distribution of the
atoms dissociated from the molecules was captured, showing a hollow-centered pro-
file. We also studied the dissociation dynamics of the p-wave molecules purely in the
ml = ±1 states and the mixture of the ml = ±1 and ml = 0 states. We developed a
theoretical formulation to explain the dissociation energy as a function of the magnetic
field ramp rate for molecular dissociation. The solution of the rate equation can quan-
titatively explain the measured sub-linear dependence of the dissociation energy on the
field ramp rate. In this chapter, all the results were obtained at slightly different lattice
condition with a beam waist of 71 µm and αl = 2.2, and high field imaging is utilized
using top imaging. This chapter comprises the results published in Ref [125].
6.1 Method of making Feshbach molecules
There are two methods of creating Feshbach molecules. One method is the three-body
recombination process in which two atoms form molecule near the resonance and third
atom carried away extra energy and momentum. The formed molecular states are
usually deep bound states, which depth is larger than the kinetic energy of the atom.
The excess energy in this process generates heat in the ensemble of atoms. Therefore,
three-body collisions are the unfavorable collision. To make three-body collision into
good collision the suppression of molecule into the deep bound state is required. Three
identical Fermions in the presence of p-wave interaction does not come under the rule
of the Pauli principle. Therefore, the decay process for three identical Fermions is
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Figure 6.1: Schematic diagram of creating Feshbach molecules. The dashed lines show
the diabatic energy levels. The adiabatic curve (solid line) include the coupling of free
atom states into the bound molecular state when magnetic field ramped from negative to
positive scattering volume. In reverse non-adiabatic process shown by the big blue arrow,
dissociated molecules end up in one or several atomic states δE depending on the ramp
rate of the magnetic field.
enhanced close to a p-wave Feshbach resonance, which results in molecular lifetimes of
only a few ms as observed in the experiments [48, 53, 59, 61].
The second method is reversible coherent two-body adiabatic transfer. We adopted
this method for the experimental results presented in this chapter. This process usually
does not generate the heat compared to the three-body process due to its nature of
the elastic collision. The schematic of the method of coherent two-body adiabatic
transfer of two free atoms into molecules is shown in Fig. 6.1. Adiabatically sweeping
the magnetic field across the resonance from negative to positive scattering volume
results in the formation Feshbach molecule from the unbound atoms present in the
continuum. The adiabatic sweep of the magnetic field can be assumed in terms of
a two-level Landau-Zener sweep through an avoided crossing [146]. The probability
Pam to transform the unbound atomic state |a〉 into the molecular bound state |m〉 by
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adiabatic energy sweep rate is given by [146, 153].
Pam = 1− e−
c|Vam|2
~E˙ . (6.1)
The energy sweep can be transformed to magnetic field sweep from E = ∆µ(B − B0)
which result E˙ = ∆µB˙. The numerical constant c is usually of the order of unity. The
p-wave matrix element Vam between the atomic and molecular state can be evaluated
from Fermi’s Golden rule [146, 153]
~Γe = 2pi|Vma|2g(E). (6.2)
Here, Γe = 2
√
mE3/2/(~2ke) (see previous chapter) described the rate of resonant
coupling of two free atoms into bound state via tunneling through centrifugal barrier.
The density of states g(E) is given by [154]
g3D(E) =
L3
(2pi)2
(m
~2
)3/2
E1/2. (6.3)
Here, L3 is quantization volume for free atomic states. For harmonically trapped gas
we assume L3 ∼ 1/n, where n is the density. As a result the square of matrix element
becomes
|Vma|2 = n 4pi~
2E
mke
= n 4piVbg∆B∆µE. (6.4)
The matrix element is linearly proportional to collision energy in contrast to s-wave
scattering where it is independent of collision energy [154]. Therefore, association
probability is
Pam = 1− e−AnE/B˙, (6.5)
where A = 4picVbg∆B/~. The factor nE ∝ (kBT )−1 in case of harmonic trap gases.
Therefore, low temperature (or high density) and slow sweep of the magnetic across
the resonance increase the efficiency of molecule conversion [155].
Similarly, the density of state for 2D case is
g2D(E) =
L2m
2pi~2
. (6.6)
The rate of resonant coupling to the bound state (energy width of the resonance in
2D) can be obtained from the imaginary part in the denominator of the 2D p-wave
scattering amplitude (see Eq. (5.36) in the previous chapter) that gives
Γ2De =
2E
~Bp
. (6.7)
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Figure 6.2: The fraction of p-wave Feshbach molecules as a function of magnetic field
detuning from the resonance position B0 at lattice depth of Vlat = 5.5Erec. The solid curve
is the Lorentzian fit to data for the guide to the eyes. The optimum magnetic field value at
which efficiency is maximum roughly lies 25 mG below the resonance. Vertical error bars
show one sigma deviation of three measurements while horizontal error bars show 8 mG
magnetic field uncertainty in our experiment.
.
Hence, matrix element square for 2D case from Fermi Golden rule is
|V 2Dma |2 = n2D ×
2~2E
mBp
. (6.8)
As a result, we obtained molecule association probability for 2D
P 2Dam = 1− e−A2Dn2DE/B˙, (6.9)
where A2D = 2c~/(mBp∆µ). Low temperature and slow sweep of the magnetic across
the resonance increase the efficiency of molecule conversion similar to the 3D case.
Optimum efficiency of creating Feshbach molecules in the real experiment is always
less than estimation from Eq. (6.5) and Eq. (6.9). One major flaw in this picture
is that the state of two unbound atoms belongs to a continuum and efficiency will be
minimum if two atoms belong to the different phase space cell, which is highly probable
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in the gases at high temperature [153]. In case of narrow p-wave Feshbach resonance,
consider in this work, a small fraction of atoms feel the resonance in the close vicinity
of resonance [71], which means the conversion efficiency of the molecule creation will
be smaller than expected. Nevertheless, the simple two-state picture described by
Eq. (6.5) and Eq. (6.9) provide some useful direction trend to increase the efficiency of
the molecules in the experiment.
We created p-wave molecules in the 2D trap by adiabatically ramping the magnetic
field from above to below the Feshbach resonance for the |1〉 state atoms similar to
previous work [59]. We ramped magnetic field linearly as B˙ = (Bi − B)/t to optimize
the efficiency of the creation of Feshbach molecules. Figure 6.2 shows the fraction of
molecule created at lattice depth of Vlat = 5.5Erec with the optimum ramp down rate of
0.11 G/ms as a function of detuning B −B0, where zero point indicates the resonance
position B0. The optimum magnetic field value at which efficiency is maximum roughly
lies 25 mG below the resonance as shown in Fig. 6.2, which is also consistent with the
previous observations [59].
Since the resonance magnetic field position depends on the optical lattice depth, the
final value of the magnetic field sweep was chosen differently for different lattice depth
conditions and the optimum magnetic field value roughly lies 25 mG below the reso-
nance. The efficiency of Feshbach molecules slightly improves to 18 % at lattice depth
of Vlat = 3.8Erec with the optimum ramp down rate of 0.09 G/ms. The molecule con-
version efficiency decreases with increasing lattice depth presumably because of faster
loss of molecules due to atom-molecule inelastic collisions for higher atomic density
condition. Alternatively, another reason might be the increase in temperature with in-
crease of lattice depth in according to Eq. (6.5) and Eq. (6.9) because more hot atoms
mean low conversion efficiency [153].
After the creation of Feshbach molecules, we immediately removed unpaired atoms
by shining the resonance light pulse for 50-100 µs time duration. After removing the
unpaired atoms, we ramped up the magnetic field above the resonance to convert
molecules back into atoms and captured the absorption images of dissociated atoms.
We checked the quality of the blast light by intentionally keeping the magnetic field
away from the resonance and confirmed the removal of all unpaired atoms.
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6.2 Hollow-centered momentum distribution
The resonance magnetic field depends on ml, the projection of the angular momentum
onto the quantization axis defined by the direction of the external magnetic field. In
our experiment, the optical lattice is in the direction of quantization axis and all atoms
are in the motional ground state along the quantization direction as experimentally
observed by adiabatic band mapping technique in the fourth chapter. Therefore, atoms
can only have a relative momentum along the x and y direction. Then, atoms can only
collide through p-wave collisions with ml = ±1 symmetry. To proof our ability to
tune the selective interaction in ml = ±1 symmetry, we first analyze the momentum
distribution of the atoms dissociated from the p-wave Feshbach molecules.
We confirmed the selective creation of p-wave molecules in the ml = ±1 states
by measuring a momentum distribution of the atoms dissociated from the molecules.
To observe the dissociation profile, we turned off the optical lattice and released the
molecules to let them ballistically expand, and then, immediately ramped up the mag-
netic field across the Feshbach resonance within 50 µs to make the molecules dissociate.
To dissociate molecules into free atoms, we need fast (non-adiabatically) ramp of the
magnetic field from below to above the Feshbach resonance. The magnetic field ramp
response of Feshbach coil pair was slow, which results in inefficient dissociation of
Feshbach molecules. Therefore, we apply magnetic field through the small secondary
coil (see section 3.2.1) placed beneath the UHV glass cell for dissociation of Feshbach
molecules. After 1.1 to 1.3 ms of ballistic expansion, we took an absorption image along
the quantization axis.
Figures 6.3(a) and 6.3(b) show the dissociation momentum profiles of the atoms
from the p-wave Feshbach molecules at an optical lattice depth of (a) Vlat = 3.8Erec
(with 1.3 ms expansion and 9 G/ms dissociation field ramp) and (b) Vlat = 5.5Erec
(with 1.1 ms expansion and 5 G/ms dissociation field ramp). The dissociation profiles
clearly show holes at the center in the time-of-flight images, which is a clear sign of
the selective molecular creation in the ml = ±1 states. The p-wave Feshbach molecules
has also been observed in the 40K system by taking advantage of the large splitting of
the Feshbach resonance between ml = ±1 and ml = 0 states [53]. In 6Li atoms, the
Feshbach resonance splitting is too small to be resolved, but we were still able to create
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Figure 6.3: Radial momentum distribution of the atoms after the molecular dissociation,
taken at the lattice depth of (a) Vlat = 3.8Erec and (b) Vlat = 5.5Erec, respectively. The
image (c) was taken without the optical lattice potential. Images (a) and (c) were taken
with 1.3 ms time-of-flight with the magnetic field ramp rate of 9 G/ms, and image (b)
was taken with 1.1 ms time-of-flight with the magnetic field ramp rate of 5 G/ms. Each
absorption image is an average of 5 to 10 shots. The hollow-centered dissociation profile
shown in image (a) and (b) was due to the selective creation of the p-wave molecules in the
ml = ±1 states. (d) Radially averaged profile of the absorption images for the atoms with
and without the lattice potential are shown with black squares (Vlat = 3.8Erec) and red
circles (3D trap), respectively. A clear visible dip at the region of the low dissociation mo-
mentum is visible in the plot of black squares. The inset graphically shows that molecules
created in the lattice are purely in the ml = ±1 states and those created without lattice
potential are the mixture of ml = ±1 and ml = 0 p-wave Feshbach molecules. This Figure
is taken from Ref [125].
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p-wave molecules in the ml = ±1 states with the help of tight confinement due to an
optical lattice potential1.
However, we needed an experimental confirmation that the hollow-centered dissoci-
ation profile is genuinely due to the selective molecular creation in the ml = ±1 angular
momentum states. Such a hollow-centered dissociation profile can also arise from dis-
sociation kinetics even if the molecules are created equally in the ml = 0 and ml = ±1
states, [156]. When we ramp up the magnetic field rapid enough such that the added
dissociation energy much exceeded the kinetic energy of the molecules, the dissociation
profile can be modified drastically from a Gaussian profile and can sometimes show a
mono-energetic spherical expansion, which ends up with a hollow-centered dissociation
profile in an absorption image. To make sure that we genuinely observed the hollow-
centered dissociation profile due to the selective creation of p-wave molecules in the
ml = ±1 states, we performed the same experiment without an optical lattice poten-
tial. For this confirmation, we changed the polarization of the retro-reflected beam
of the optical lattice laser to realize a cross-beam trap configuration (referred to as
a 3D trap). Figure 6.3(c) shows the dissociation profile of the molecules without an
optical lattice potential. The image was captured with the 1.3 ms time of flight and
the magnetic field ramp rate of 9 G/ms, which are the same as the conditions for the
data shown in Fig. 6.3(a). In Fig. 6.3(c), we observe a relatively uniform dissociation
profile, which shows a contrast to the result shown in Fig. 6.3(a).
To get further insight that the Feshbach molecules are created with ml = ±1 angular
momentum state in optical lattice while Feshbach molecules are created equally in the
ml = 0 and ml = ±1 angular momentum states in the 3D trap, we performed the
radial averaging of the dissociation profiles. First, we averaged approximately 5-10
line-of-sight images of the dissociated atoms, and then we determined the center of
averaged atomic cloud image through a two-dimensional Gaussian fit and performed
radial averaging. From the determined value of the center of the atomic cloud, we
calculate the radial distance to each pixel, d =
√
d2x + d
2
y. Then, we averaged all
pixels at the same radius. Finally, we bin pixels to construct the radial averaging
1The size of the 6Li p-wave Feshbach molecule is approximately 50 a0 [57], which is much smaller
than confinement strength lz. Once the atoms are in the motional ground state along the quantization
direction, it is possible to associate the Feshbach molecules, and the size of the Feshbach molecules
does not matter.
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distribution of the dissociation profiles shown in Fig. 6.3(d). The black squares and red
circles correspond to radial averaging of the dissociation profiles shown in Fig. 6.3(a)
and Fig. 6.3(c), respectively. Again, we can see that the data taken with the lattice
potential shows a dip at the center of the dissociation momentum profile. In contrast,
we see a rather flat-top profile in the data without the lattice potential in a low-
momentum region. From the difference in the dissociation profiles with and without an
optical lattice potential, we can conclude that the hollow-centered dissociation profile
observed in this measurement is due to the selective creation of p-wave molecules in
the ml = ±1 states.
6.3 Molecular dissociation energy
The size of the atomic cloud dissociated from Feshbach molecules increases with increase
of dissociation magnetic field ramp rate. Figure 6.4 show the images of the momentum
distribution of the atoms dissociated from the p-wave Feshbach molecules as a function
of dissociation field ramp rate (G/ms) labeled on each image. All the images correspond
to the optical lattice depth of Vlat = 3.8Erec and the 1.1 ms time of flight.
Therefore, we further investigated the dissociation dynamics of p-wave Feshbach
molecules. More specifically, we measured the dissociation energy of the p-wave molecules
created in 2D and 3D traps. The dissociation energy can be determined by taking the
sum of the atomic energies at all pixels in the absorption images:
δEm = θ ×
∑
i
Nim(xi − xc)2
Ntτ2
. (6.10)
Here, Ni is the number of atom at pixel position xi, and xc is center position of the
atomic cloud determined from fitting of 2D Gaussian function. The total number of
atoms and time of flight is represented by Nt and τ , respectively. The prefactor θ is
θ = 3/2 for 3D trap while θ = 1 for 2D trap.
6.3.1 Qualitative explanation
The measured dissociation energies as a function of the magnetic field ramp for the
molecular dissociation are shown in Fig. 6.5. The black squares show the data for the
atoms in the 2D trap at the lattice depth of Vlat = 8.4Erec, and those for the atoms
in the 3D trap are shown with red circles. When we created the p-wave molecules in
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Figure 6.4: Absorption images of the atomic cloud dissociated from the p-wave Feshbach
molecules at different dissociation ramp rate at lattice depth of Vlat = 3.8Erec with 1.1 ms
time of flight. Size of the atomic cloud gets bigger at faster dissociation ramp rate.
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the optical lattice potentials, the created molecules were only in the ml = ±1 states.
In the 3D trap without the optical lattice, on the other hand, the p-wave molecules
were created equally in both the ml = 0 and ml = ±1 states. In the process of
molecular dissociation, a p-wave molecule in ml = 0 dissociates into two atoms flying
in z direction and a p-wave molecule in ml = ±1 dissociate into two atoms flying
in x-y plane. Therefore, in the 3D trap, molecules dissociate into free atoms flying
isotropically in all three directions. Since summing up the dissociation energy of the
atoms in the absorption image taken along the z direction only counts the energy in
the x-y plane. Therefore, we underestimate the dissociation energy by a factor of 3/2
for the 3D trap case. In the analysis, to obtain the real dissociation energy for the
molecules created in the 3D trap, we multiplied the factor of 3/2 to the measured
dissociation energy from the absorption image. We can see that the dissociation energy
of the Feshbach molecules in the ml = ±1 angular momentum states and that of the
mixture of molecules in the ml = 0 and ml = ±1 angular momentum states is same
within the measurement errors.
The fact that the measured dissociation energies match for the molecules created
in the 2D and 3D traps even with the different factors (θ = 1 for the 2D trap and
θ = 3/2 for the 3D trap) indicates that the p-wave molecules are created purely in the
ml = ±1 states in the 2D trap. The significant population of atoms in the second band
can cause association of Feshbach molecules in the ml = 0 angular momentum state.
The finding of the same dissociation in the 2D and 3D traps is consistent with the fact
that the number of atoms in the first motional excited state along the z direction is
less than 5% of the total number of atoms and the imperfection arising from the higher
band population is negligibly small.
The dissociation energy plots show the sub-linear dependence on the magnetic field
ramp rate, indicating that the molecular decay is faster for the higher energy quasi-
bound molecular state. As long as the atoms are in the motional ground state along
the z direction, the dissociation energy does not depend on the lattice depth. We also
measured the dissociation energy at the lattice depths of Vlat = 3.8Erec and Vlat =
5.5Erec, and data for both lattice depths overlap nicely with the plot for Vlat = 8.4Erec,
which we omitted in Fig. 6.5 to keep figure visible.
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6.3.2 Theoretical model
The technique of the rate equation [154] can quantitatively explain the dissociation
dynamics of the p-wave Feshbach molecules. First, consider that the entire initial
population is in the molecular state. Then, the fraction of the molecules f(E) at
energy E can be described as
df(E)
dE
=
df(E)
dt
dt
dE
= −Γ(E)f(E) dt
dE
,
(6.11)
where Γ(E) is the dissociation rate of the molecules at energy E through the centrifugal
barrier. It has been discussed theoretically that the p-wave molecules above resonance
decay into scattering atomic states with the rate of Γ(E) = Γe = AE
3/2 with A =
2
√
m/(ke~2), where ke is an effective range [36] (see also previous chapter). The JILA
group have confirmed the the energy dependance of the Γe in the measurement of the
lifetime of the p-wave molecules above resonance [53].
The energy of the molecular state depends linearly on the magnetic field B such that
E = ∆µ(B−B0), where ∆µ is the relative magnetic moment of the molecular state to
the atomic state and B0 is the Feshbach resonance magnetic field. Then, substituting
the value of Γ(E) and dE/dt = ∆µB˙ into Eq. (6.11), we obtained
df(E)
dE
= −AE3/2f(E)
(
∆µ
∣∣∣B˙∣∣∣)−1 . (6.12)
Solution of the above differential equation is
f(E) = e−αE
5/2
(6.13)
with
α =
2A
5∆µ
∣∣∣B˙∣∣∣ . (6.14)
In laboratory frame, the average energy of atoms after dissociation becomes
δE =
∫ ∞
0
E
2
[−df(E)]
=
Γ(7/5)
2
(
5ke~2∆µ|B˙|
4
√
m
)2/5
.
(6.15)
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Figure 6.5: Dissociation energy as a function of the magnetic field ramp rate. Red
circles represent the dissociation energy in the 3D trap and the black squares represent the
dissociation energy at lattice depth of Vlat = 8.4Erec. The dashed curve is the result of
fitting with Eq. (6.15). The dissociation energy with and without optical lattice matches,
which indicates that the p-wave molecules are created purely in the ml = ±1 states in the
2D trap as discussed in text .This figure is taken from reference [125].
Using ∆µ = kB × 113µK/G [57], we fitted the experimental results with Eq. (6.15)
by taking the effective range ke as a free parameter. The result of the fitting to the data
with the black squares is shown by the black dashed curve in Fig. 6.5. We can clearly see
that the experimental data follows the |B˙|2/5 dependence 1 as expected from Eq. (6.15).
However, the obtained effective range is ke = 0.14(1)a
−1
0 , which is approximately a
factor of two larger than the value determined from the cross-dimensional thermal-
ization measurement [50]. It is unclear whether the expression of the dissociation rate
Γ(E) = 2
√
m/(ke~2)E3/2 is applicable over the whole measurement condition since this
expression is valid only for the limit when scattering volume is large [36]. As discussed
in the previous chapter that we can write ke = ~2/(m∆µVbg∆B) in the limit of large
1Note that resonance width Γ(E) for s-wave scattering is independent of collision energy and shows
|B˙|2/3 dependence [154].
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scattering volume. From this expression, the product Vbg∆B is 1.65(0.09) × 106a30(in
Gauss) which agrees reasonably well with theoretical estimated value 1.45× 106a30 [58],
and almost factor of 1.5 smaller than measured value 2.8(3) × 106a30 [50]. Deeper
quantitative understanding of the p-wave molecular dissociation is needed to resolve
discrepancy of effective range, or it may be better to parametrize effective range in the
Taylor expansions of magnetic field detuning similar to scattering volume. Neverthe-
less, assuming effective range independent of the magnetic field explain almost all our
measurements within 30% uncertainty in its value.
6.4 Lifetime of the Feshbach molecules
An ultracold p-wave Feshbach molecules created in 40K shows the much shorter lifetime
of around 8 ms, mainly because of the dipolar relaxation and collisional decay [53]. In
contrast, |1〉 − |1〉 state p-wave Feshbach resonance exist in the lowest energy Zeeman
state of 6Li atoms, which eliminate the possibility of dipolar relaxation losses in case
of 6Li atoms. Y. Inada et al., [59] measured the detail collision properties of the p-
wave Feshbach molecules created in 6Li atoms trapped in a single beam optical dipole
trap. The 1/e lifetime of the p-Feshbach molecule was observed approximately 10 ms
in the range of -30 mG detuning from the resonance and approximately 20 ms at larger
negative detuning. Further, the observed lifetime was independent to the magnetic field
detuning on the positive side of resonance (negative magnetic field detuning) similar
to the case of 40K [53]. Therefore, it is needed to know how long the p-wave Feshbach
molecules created in the 2D trap can be held compared to the 3D trap.
We were unable to measure the absolute value of the atom-dimer coefficient and
dimer-dimer coefficient mainly because of the inaccuracy in the determination of molec-
ular density per site in our experimental set up at that time. However, 1/e lifetime
of the Feshbach molecules is independent of precise knowledge of the atomic density.
Therefore, we only consider 1/e lifetime of the p-wave Feshbach molecules created in
the 2D trap at lattice depth of Vlat = 5.5Erec.
We first created the p-wave Feshbach molecules and held them in the 2D trap
for variable times in the presence of the unpaired atomic sea. After each hold time
duration at B − B0 = −22 mG detuning, we shined the resonance light to remove
unpaired atoms and detect the signal purely arises due to Feshbach molecules. Open
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Figure 6.6: (a) The 1/e lifetime of the p-wave Feshbach molecules in the presence of
unpaired atoms is 2.6 ms. (b) The 1/e lifetime of pure Feshbach molecular sample is 25
ms. The lifetime of Feshbach molecules is longer in the absence of unpaired atoms. Both
measurements were done at lattice depth of Vlat = 5.5Erec and magnetic field detuning of
B −B0 = −22 mG.
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diamonds in Fig. 6.6 (a) shows the number of Feshbach molecules (presented in the
unit of optical depth) at various hold times in the presence of unpaired atoms. The
dashed line is a fit to an exponential decay, which gives a quite short lifetime of 2.6 ms
similar to the past measurements [53, 59] due to enhanced atom-dimer collision.
Next, we measured the lifetime of the sample composed of the pure Feshbach
molecules at B − B0 = −22 mG detuning to see the effect of unpaired atoms on
the lifetime of Feshbach molecules. In this measurement, we removed unpaired atoms
by resonant light pulse just after the creation of Feshbach molecules and held the pure
molecular sample in the 2D trap for variable time as shown in Fig. 6.6 (b), and data
clearly shows the longer lifetime in the pure molecular sample. The solid line is a fit to
an exponential decay that gives a lifetime of 25 ms. This lifetime is approximately 2.5
times larger than 3D for the case of close resonance detuning [59].
6.5 Summary
We successfully demonstrated the selective creation of p-wave molecules in the ml =
±1 state in 6Li by employing a one-dimensional optical lattice potential along the
quantization axis. We confirmed that the created molecules are in the ml = ±1 state
from the measurement of the hollow-centered momentum distribution of the atoms
dissociated from the molecules. We also confirmed the selective creation of p-wave
molecules in the ml = ±1 state from the measurement of the dissociation energy
of the p-wave molecules as a function of the magnetic field ramp rate for molecular
dissociation. The measured sub-linear dependence of the dissociation energy to the
field ramp rate can be quantitatively explained by the solution of the rate equation.
The way to single out one of the two closely-residing resonances using an optical
lattice potential will be useful for the characterization of p-wave Feshbach resonance,
such as the determination of the scattering parameters for the p-wave Feshbach res-
onances performed previously excluding the resonance splitting. The creation of the
p-wave Feshbach molecules in the ml = ±1 angular momentum state by using the trap
geometry may not directly link to the realization of the p-wave superfluidity. However,
theoretical studies predicted that trapping the fermionic gases in quasi-2D reduces the
inelastic collision losses near the p-wave Feshbach resonances. Therefore, the detailed
understanding of the collision processes between the dimension of the atomic system
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and the molecular generation process can be thought of as one step toward the realiza-
tion of p-wave superfluid.
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Chapter 7
Two-body Relaxation
The ultracold fermionic gases close to the p-wave Feshbach resonance were observed
unstable in the experiments [53, 59]. Two main inelastic collision processes significantly
shorten the lifetime of the fermionic gases with p-wave interactions. One is the two-body
spin relaxation losses and second is the three-body recombination losses. Theoretical
research suggested that the stability of the fermionic gases close to the p-wave Fesh-
bach resonance can be improved in the quasi-2D trap [41, 69, 71]. Furthermore, the
three-body recombination process is much more complex than the two-body relaxation
process. Therefore, in this chapter, we focused only on the experimental measurement
of the two-body spin relaxation in a two-component Fermi gas of 6Li atoms confined
in 3D and quasi-2D.
To understand the two-body spin relaxation process, consider the situation of
atoms trapped in two distinguishable atomic states |1〉 ≡ |F = 1/2,mF = 1/2〉 and
|2〉 ≡ |F = 1/2,mF = −1/2〉. Collisions at low temperature will occur via s-wave chan-
nel according to the Pauli exclusion principle. However, p-wave collision channel can
become prominent in the presence of a scattering resonance, such as a p-wave Feshbach
resonance. The presence of prominent p-wave scattering resonances allows the dipolar
relaxation that is not possible in the s-wave channel due to the Pauli exclusion princi-
ple [12, 157]. The two-body dipolar relaxation occurs as a spin flip of an atomic state
from excited state |2〉 to the ground state |1〉 as schematically depicted in Fig. 7.1. The
released hyperfine-state energy goes to the kinetic energy of the atoms, which exceeded
all energies of the system, and the atoms get lost from the trap. In a two-component
Fermi gas, strong two-body dipolar relaxations hinder the control of elastic collisions
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Figure 7.1: Schematic of the dipolar relaxation in two-component Fermi gas in the pres-
ence of a p-wave Feshbach resonance.
near a p-wave Feshbach resonance. The dipolar losses can be elucidated by including
the imaginary part to the inverse scattering volume in the two-body scattering ampli-
tude [71, 158]. The imaginary scattering volume quantifies the measure of the efficiency
of dipolar relaxation losses.
In this chapter, we presented the experimental measurement of the two-body dipo-
lar relaxation in a two-component Fermi gas of 6Li atoms confined in 3D and quasi-2D.
We have shown that the three-body contribution in the two-component Fermi gas can
be removed by decreasing the atomic density. We systematically explained the experi-
mental results of the two-body relaxation coefficients versus the interatomic interaction
strength and temperature by including a single parameter for the imaginary part to
the inverse of the scattering volume in the scattering amplitude for 3D and quasi-2D
atomic Fermi gases. For all the results in this chapter, we kept the atomic temperature
higher than the Fermi temperature to ensure that the atomic density profile follows
the Boltzmann distributions. The results presented in this chapter were published in
Ref [159].
7.1 Two-body relaxation in 3D
We first prepared the balance mixture of 6Li atoms in state |1〉 ≡ |F = 1/2,mF = 1/2〉
and |2〉 ≡ |F = 1/2,mF = −1/2〉 in the single beam optical dipole trap using evapo-
rative cooling as described in detail in previous chapters. We ramped the magnetic
field close to the |1〉 − |2〉 p-wave Feshbach resonance located at B0 = 184.9(7) G.
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Figure 7.2: Number of atoms as a function of hold time at magnetic field detuning of
148 mG. The decay of atoms is fitted to the rate Eq. (7.1) to extract the two-body loss
rate constant. The fitting result is shown by blue solid curve.
Then, we follow the procedure similar to the measurement of the Feshbach resonance
(see Fig. 5.6). We abruptly ramp down the magnetic field from far above to far below
position from the resonance position B0, which eliminates the possibility of creating
Feshbach molecules. Then, we quickly ramp the magnetic field to a fixed magnetic
field detuning B −B0 and monitored the decay of atoms number as a function of time
in single beam optical dipole trap. Figure 7.2 shows atomic decay at fixed detuning
of B − B0 = 148 mG, blue solid curve indicates the decay of atoms governed by the
following rate equation
N˙
N
= −Γ− K2
2
〈n〉 −K3
〈
n2
〉
= −Γ− K
2
〈n〉 , (7.1)
where Γ, K2, and K3 are the one-body, two-body, and three-body loss rate constant,
respectively. Here, K is the total loss rate coefficient, which was determined in the
experiment. In case of thermal Boltzmann regime, the mean density 〈n〉 and mean
square density
〈
n2
〉
of both states added up are given by
〈n〉 = 1
N
∫
n2d3r = N
(
mω˜2
4pikBT
)3/2
, (7.2)
and 〈
n2
〉
=
1
N
∫
n3d3r =
N2√
27
(
mω˜2
2pikBT
)3
, (7.3)
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respectively. The mean density and mean square density was determined from the mean
trapping frequency ω˜ = (ωxωyωz)
1/3 and temperature T of the atoms. Temperature
variation during the holding is estimated to be less than 10 %, therefore, we extract
loss rate constant K from the solution of the rate equation based on the assumption of
constant temperature.
7.1.1 Density dependance
In real experimental situation, the loss rate constant K include the contribution from
both dipolar relaxation and three-body collision losses. In the presence of two spin
components, a three-body collision may involve the possibilities of either a pair of atoms
in one spin state and the third atom in the other or else all three atoms in the same spin
state [45]. Since the two-body loss rate is proportional to the density while the three-
body loss rate is proportional to the square of the density, the two-body loss dominates
the three-body loss at an atomic density lower than some critical value. Therefore, we
focus on the atomic density dependence of K to limit our measurement to the density
region, where the two-body losses dominate the three-body losses. Determining K2
and K3 from the atomic decay is the direct way to show the evolution of dominant loss
mechanisms from two-body to three-body losses. The shape of the decay curve is not
so different for two-body loss and three-body loss. Therefore, it is quite challenging to
identify the loss mechanism from the shape of the decay curve. Instead, we determine
the two-body loss coefficients for varying atomic density to see the density dependence of
K2 and show the appearance of three-body contribution in the measured loss coefficient
as explained below.
Figure 7.3 shows K versus B −B0 for three different atomic densities: n1 = (6.7±
0.3) × 1018 m−3 (connected green squares), n2 = (3.7 ± 0.5) × 1018 m−3 (red circles),
and n3 = (2.5 ± 0.2) × 1018 m−3 (black circles), at a temperature of 2.2 µK. Here,
density values represent peak atomic density of both state added up and is given by
n = 23/2 × 〈n〉. In this measurement, we varied the atomic density by lowering the
initial number of atoms loaded into an optical dipole trap. Although K for n2 and n3
are consistent with each other, K for n1 is higher than K for n2 and n3. This difference
in K is because n1 is higher than the critical density above which the three-body
losses come into play. The inset of Fig. 7.3 shows a plot of K versus atomic density
at B − B0 = 96 mG. It clearly shows a deviation from the two-body loss-dominated
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Figure 7.3: The loss rate constant K vs B − B0 at three different atomic densities and
temperature of 2.2 µK. At the higher density n1 = (6.7± 0.3)× 1018 m−3, K depart from
the other two data sets for n2 = (3.7± 0.5)× 1018 m−3 and n3 = (2.5± 0.2)× 1018 m−3,
indicating that three-body losses start to contribute at the density n1. The inset shows
K vs atomic density at B − B0 = 96 mG. The data show a deviation from the two-body
loss-dominated regime at n ≈ 4.1× 1018 m−3. This figure is taken from reference [159].
regime at the atomic density of n ≈ 4.1×1018 m−3, where the three-body loss starts to
contribute. Below this atomic density, the value of K determined in the experiment can
be considered equivalent to K2. As a reference, we determined K3 by fitting the atomic
decay plots for high atomic density cases with K2 fixed at the value obtained from
the low density case, and we get K3 ≈ (1.5 ± 0.4) × 10−36 m6/s at B − B0 = 96mG.
Therefore, we can get rid of from the contribution of three-boy collision process by
limiting the atomic density below critical density.
7.1.2 Magnetic field dependance
After determining the critical density at which two-body relaxation becomes dominant
over three-body process, we measured magnetic field dependance of the two-body loss
rate constant K2 at fixed temperature condition. Figure 7.4 shows the measured values
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Figure 7.4: The magnetic field dependence of K2 at T = 2.2 (red triangles) and 4.2 µK
(green circles) with density equal to n2. The dashed curves shows the theoretical results
obtained using Eq. (7.10) by considering the imaginary part of the scattering volume V1
as a fitting parameter. This figure is taken from Ref. [159].
of K2 with n ≈ n2 as a function of the magnetic field detuning at T = 2.2 and 4.2 µK
as indicated by red triangles and green circles, respectively. It can be seen that K2
drastically increases at the magnetic-field detuning of around zero and that the losses
enhance over a broader range of magnetic field values for high temperature. The flat
behavior of the loss rate constant K2 at large magnetic field detuning simply reflect that
the one body contribution Γ becomes dominant over the dipolar relaxation process.
To describe the observed loss feature in Fig. 7.4, Similar to Ref. [71], we added the
imaginary part to the inverse of the scattering volume as 1/Vp = 1/Vp + i/V1, where
V1 > 0 and is assumed to be independent of the external magnetic field [71]. As a
result the low-energy effective range expansion of the p-wave scattering amplitude can
be rewritten in the following form
fp(k) =
−k2
1
Vp
+ kek2 + ik3 +
i
V1
. (7.4)
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The inelastic loss rate constant can be expressed as
β(E) = vr × σ(E), (7.5)
where vr = 2~k/m is the relative velocity between two atoms of mass m and σ(E) is the
p-wave inelastic scattering cross section for the relative energy E = mv2r /4. In order
to calculate the inelastic scattering cross section σ(E), we follow the S-matrix element
notation [71, 136]
σ(E) =
3pi
k2
(
1− |S(k)|2
)
. (7.6)
The S-matrix element is related to the scattering amplitude fp(k) as follow [136]
fp(k) =
−i
2k
(S(k)− 1) , (7.7)
which yields
S(k) =
1/Vp + kek
2 + i(1/V1 − k3)
1/Vp + kek2 + i(1/V1 + k3)
. (7.8)
Substituting Eq. (7.8) and Eq. (7.6) into the Eq. (7.5), two-body relaxation rate con-
stant can be written in the following form
β(E) =
24pi~
mV1
× k
2
( 1Vp + kek
2)2 + (k3 + 1V1 )
2
. (7.9)
The experimental measured quantity is two-body loss rate constant (which is twice
that of β) and is averaged over energy with an appropriate thermal distribution. Con-
sequently, two-body loss rate constant averaged over the Boltzmann distribution can
be expressed as follows:
K2 =
4√
pi(kBT )3/2
∫ ∞
0
dE
√
Ee−E/kBTβ(E). (7.10)
We adopted the value Vbg∆B = −1.8 × 106a30 [Gm3] with a0 being the Bohr ra-
dius [58]. Here, we consider the product of Vbg and ∆B due to the approximation of
Vp = Vbg[1 − ∆B/(B − B0)] ∼= Vbg∆B(B − B0)−1, which is well hold in the range of
magnetic field detunings consider here [50]. In the large scattering volume limit, the
effective range can be expressed in terms of scattering parameters from the pole of the
scattering amplitude as ke = −~2/(mVbg∆B∆µ) [36] as described in chapter five. Here,
∆µ = kB×111 µK/G is the relative magnetic moment between the molecular state and
the atomic state for the case of |1〉− |2〉 p-wave Feshbach resonance [57]. This leads the
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Figure 7.5: The temperature dependence of K2 at the different magnetic field detunings.
The data clearly show the stark difference in the temperature dependence of K2 for the
near and far-resonant regimes and is correctly reproduced from Eq. (7.10) as indicated by
solid curves. In the near-resonant regime, where kT /kres > 1 with kT =
√
3mkBT/(2~2)
and kres = 1/
√
ke |V |, K2 is approximately expected to depend on T−3/2. By contrast, in
the far-resonant regime, where kT /kres < 1, K2 is expected to be proportional to T [71].
The stark difference in the temperature dependence of K2 is successfully reproduced in the
experiments and theory. This figure is taken from reference [159].
estimated value of the effective range to be ke ≈ 0.14a−10 . The red and green dashed
curves in Fig. 7.4 show the results of data fitting using Eq. (7.10) considering V1 as a free
parameter for the data at T = 2.2 and 4.2 µK, respectively1. Equation (7.10) perfectly
reproduces the two sets of experimental data with V1 = 4.85(0.10)stat(4)syst×10−21 m3.
The statistical error reflects the uncertainty that arises from the fitting error, and the
systematic error in fitting is mainly due to uncertainty in the atom number determi-
nation. The two-body relaxation is slow at the far detuning region indicated by flat
region. Therefore, we added the one-body contribution Γ/n to Eq. (7.10) to fit the
data, and it depends on experimental condition.
1The exact theoretical predicted value of the V1 is unknown for
6Li.
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7.1.3 Temperature dependance
We can see from the measured values of K2 in Fig. 7.4 that the peak value of K2 at T =
2.2 µK is higher than the value of K2 at T = 4.2 µK and situation become reverse when
moving away from the resonance. Therefore, to understand these temperature features
of two-body loss rate constantK2 we fixed the magnetic field detuning and measured the
temperature dependence of K2. We changed the temperature of the atomic ensemble
by changing the final trap depth of the optical dipole trap for evaporative cooling.
Figure 7.5 shows the temperature dependence of K2 for three different detuning values:
B − B0 = 15 (circle), 290 (squares) and 356 mG (triangles), while the density was
maintained close to n2 to avoid the contribution from the three-body process. The
data show a clear difference in the temperature dependence of the two-body coefficient
in the near- and far-resonant cases. The solid curves correspond to the theoretical
results obtained using Eq. (7.10) with the parameters determined from results shown
in Fig. 7.4.
In the near-resonant regime on its negative side when Vp < 0, the loss rate constant
includes the dominant contribution from momenta close to kres = 1/
√
ke |Vp|. Here, kres
in momentum vector correspond to energy of bound state Eb = ~2k2res/m. In the near
resonant regime for the case of B−B0 = 15 mG, kT /kres > 1 with kT =
√
3mkBT/(2~2)
is the thermal momentum of the atoms. Therefore, this allow us to put E ≈ Eb (or
k ≈ kres) everywhere in Eq. (7.9) except for the first bracket in the denominator [71]1.
As a result, Eq. (7.10) can be written in following form.
K2 =
96
√
pi~3e−Eb/kBT
m2k2eV1
×
(
Eb
kBT
)3/2
×
∫ ∞
0
dE
1
(E − Eb)2 + γ2 , (7.11)
where
γ =
~2
mkeV1
×
[
1 + V1
(
mEb
~2
)3/2]
. (7.12)
The integral part of the Eq. (7.11) can be solve using substitution of x = (E − Eb)/γ
and using the following integral property∫ ∞
−a
dx
x2 + 1
=
pi
2
+ arctan a ≈ pi, a 1 (7.13)
1Private communication with D. V. Kurlov.
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Therefore, the two-body loss rate constant for the case of very near resonant regime
takes the following simplified form.
Kpeak2 =
96pi3/2~3
mke
1[
1 + V1
(
mEb
~2
)3/2] ×
(
Eb
kBT
)3/2
. (7.14)
In the above equation we take into account that e−Eb/kBT ≈ 1 due to the condition of
kT  kres. It is clear from the Eq. (7.14) that K2 is approximately expected to depend
on T−3/2 in the close vicinity of the resonance and successfully observed for the data
set of B −B0 = 15 mG in Fig. 7.5.
By contrast, in the far-resonant regime, where kT /kres < 1, the whole denominator
of the Eq. (7.9) can be approximated equal to 1/Vp, as a result
β(E)far =
24pi~
mV1
× k2V 2p . (7.15)
This approximation strictly hold in the off-resonance regime. After performing the
thermal average using Eq. (7.10), it is straight forward to obtained
K far2 ≈
72piV 2p kBT
~V1
. (7.16)
Therefore, K2 is expected to be proportional to T in the far-resonance region [71]. The
stark difference in the temperature dependence of K2 for very near and far-resonant
regime is successfully reproduced in the experiments and theory. This stark difference
arises because the collision with all momenta in the distribution function contribute
to the relaxation rate in the far-resonant regime whereas only a small fraction of the
relative momenta contributes to K2 in near-resonant regime [71].
7.2 Two-body relaxation in quasi-2D
Two-body relaxation losses discussed in previous section includes the contribution from
both ml = 0 and ml = ±1 channels, because the Feshbach resonance of both angular
momentum projection channels completely overlap with each other for the case of
6Li atoms in 3D. We already proved in the previous chapter that the contribution
in the ml = ±1 channel of the p-wave Feshbach resonance could be single out using
optical lattice potential along the quantization axis. The atoms are in the motional
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ground state along the quantization direction as we show in chapter 4 by adiabatic
band mapping technique. Therefore atoms can approach each other only in a side-to-
side configuration. Consequently, within each separate 2D layer, collisions are purely
in the ml = ±1 symmetry [47, 125, 160].
We measured the two-body loss coefficient Q2 that is defined in a manner similar
to that of the 3D case by the rate equation
N˙s
Ns
= −Γ− Q2
2
〈n2D〉 (7.17)
in a quasi-2D geometry with 〈n2D〉 being the average 2D atomic density per lattice layer
and Ns is number of atoms per sites. In this experiment, we experimentally checked
that the atomic density is low enough to neglect the three-body loss, and we therefore
take into account the two-body loss term in Eq. (7.17). All the results presented in
this chapter were taken with different experimental condition of optical lattice. In this
measurement, the beam waist of the optical lattice was 65 µm and αl = 2.56±0.10. To
measure Q2, we monitored the time evolution of the atomic number obtained through
absorption images captured along the lattice direction (top imaging). An average 2D
density per layer is determined by [131]
〈n2D〉 = 1
Ns
∫
n22Dd
2r = Ns
mω2r
4pikBT
. (7.18)
We obtained the number of atoms per site Ns by dividing total number atoms detected
in absorption image by total number sites (estimated number of sites are approximately
133), and ωr =
√
ωxωy is the 2D mean trap frequency.
7.2.1 Density dependance
We first need to ensure that the two-body loss dominates over the three-body loss
similar to the case of 3D measurement. Therefore, we explored the density dependence
of Q2 at various magnetic field detunings for a fixed temperature of T = 4.0µK and
lattice depth of Vlat = 17 Erec. These results are shown in Fig. 7.6. In this measurement,
density was changed by reducing the initial number of atoms loaded into the optical
lattice potential similar to the three-dimensional case. The data clearly indicate that
two-body losses dominate in this density region as indicated by straight dashed lines,
although an equivalent 3D density n2D/(
√
pilz) is approximately one order higher than
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Figure 7.6: The density dependence of Q2 for the atoms trapped in quasi-2D at dif-
ferent magnetic field detunings. The dashed lines represent the constant behavior of Q2,
indicating that two-body losses dominate over the three-body losses in this density re-
gion, although an equivalent 3D density n2D/(
√
pilz) is approximately one order higher
than densities of Fig. 7.3. Here, lz =
√
~/mωz is the harmonic oscillator length with
ωz = 2pi × 245 kHz. This figure is taken from reference [159].
densities of Fig. 7.3. Here, lz =
√
~/mωz is the harmonic oscillator length with ωz =
2pi × 245 kHz.
Since the three-body loss does not appear at n2D ≈ 3.5 × 1012m−2 for B − B0 ≈
100mG, the upper limit of K3 is estimated to be 2×10−37m6/s. This value is one order
smaller than the 3D case (1.5×10−36m6/s as discussed already). In this sense, the three-
body losses are observed to be less important in 2D, and the higher suppression of the
three-body loss in 2D is also consistent with the prediction by Ref. [41]. Therefore, we
can safely get rid of the three-body process for the atoms trapped in our optical lattice
potential. Since three-body losses are less important in 2D, to overcome the issue of
the three-body loss in a high-density regime for a two-component Fermi gas, it might
be useful to confine the atoms in the quasi-2D.
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7.2.2 Magnetic field dependance
After realizing that the three-body contribution is ignorable in quasi-2D, we measured
two-body loss rate constant Q2 as a function of magnetic field detuning at fixed temper-
atures. In Fig. 7.7 (a), the green circles show Q2 for n2D = 3.3× 1012 m−2, T = 4.1µK,
and Vlat = 22 Erec (ωz = 2pi × 275 kHz) while red diamonds in Fig. 7.7 (b) show Q2
for n2D = 3.8× 1012 m−2, T = 7.7 µK, and Vlat = 53 Erec (ωz = 2pi × 428 kHz). These
results also shows the thermal broadening of the loss rate constant curve similar to the
case of 3D measurement.
We explain the two-body loss rate constant considering the quasi-2D p-wave scat-
tering amplitude for two particles with a relative momentum q [71, 149, 150],
fp(q) =
4q2
1
Ap
+Bpq2 + iq2 + i
1
A1
. (7.19)
In above equation the imaginary scattering area is
A1 =
3
√
2piV1
4lz
> 0, (7.20)
which comes into the scattering amplitude expression after including the imaginary
part to the inverse of the scattering volume VI similar to the analysis of the 3D case.
The inelastic cross section for quasi-2D can be written in terms of the S matrix as
σ2Din =
2
q
[
1− |S2D(q)|2
]
, (7.21)
where the 2D scattering amplitude is related to the S matrix as f(q) = 2i[S2D(q)− 1].
This yields the s-matrix for quasi-2D as follow
S2D(q) =
(
1/Ap +Bpq
2
)
+ i
(
1/A1 − q2
)
(1/Ap +Bpq2) + i (1/A1 + q2)
. (7.22)
The event rate constant for two-body relaxation in quasi-2D is β2D = vr × σ2Din , where
vr = 2~q/m is the relative velocity of two-atoms. As a result, two-body rate constant
is written in the following form
β2D =
16~
mA1
× q
2
(1/Ap +Bpq2)
2 + (1/A1 + q2)
2 . (7.23)
The measured quantity Q2 in the experiment is thermal averaged of the atomic en-
semble. Therefore, we take the thermal average of the rate constant over Boltzmann
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Figure 7.7: (a) Magnetic field dependence of two-body loss rate constant Q2 at T =
4.1 µK shown by green circles for n2D = 3.3 × 1012 m−2, T = 4.1µK, and Vlat = 22 Erec
(ωz = 2pi × 275 kHz). (b) Magnetic field dependence of two-body loss rate constant Q2
shown by red diamonds for n2D = 3.8 × 1012 m−2, T = 7.7 µK, and Vlat = 53 Erec
(ωz = 2pi × 428 kHz). In both figures, the solid and dotted curves represent the results
obtained using Eq. (7.24) with an amplitude factor of unity and  = 0.23±0.02, respectively.
The dashed curves show Q3D2 = K2/(
√
2pilz) based on Eq. (7.10). This figure is taken from
reference [159].
124
7.2 Two-body relaxation in quasi-2D
distribution using polar coordinates.
Q2 =
2
(kBT )
∫ ∞
0
dEβ2D × exp(−E/kBT ). (7.24)
The factor of 2 is included because the the two-body loss rate constant is two times to
the two-body event rate constant β2D.
In Fig. 7.7 (a) and (b), the solid curves represent the result obtained using Eq. (7.24)
with the scattering parameters determined from the 3D measurement. Compared to
the case of the three-dimensional trap, the theoretical curves do not match with the
experimental results and differ by a factor of four. However, by taking the amplitude
factor of  = 0.23 ± 0.02, the curves match nicely with experimental results for T =
4.1µK and T = 7.7µK as indicated by dotted curves. The deviation of experimental
data from theory curves cannot be explained even if we take into account the systematic
uncertainty (60 % or factor of 2.5) associated with atomic numbers, trap frequencies,
temperatures, and lattice depth Vlat.
The reason for a factor  smaller than unity comes from the dipolar loss suppres-
sion in the ml = −1 collision channel. Since the atoms are confined in a quasi-2D
trap perpendicular to the quantization axis, atoms can only collide in the ml = ±1
configurations [47, 125, 160]. If we start with the two-body state |F,mF 〉, then dipolar
reaction can be written as
|F,mF 〉 |ml〉 −→ |F,mF + 1〉 |ml − 1〉 . (7.25)
This means increase of the total spin must be compensated by a decrease of the relative
angular momentum. In case of ml = −1, the final value will be ml = −2, which is not
allowed due to conservation of angular momentum1. Due to this fact, the ml = −1
channel has four orders of magnitude smaller dipolar loss coefficient than the ml = +1
channel as predicted by F. Chevy et al., [56]. Therefore, the number of channels that
contribute to the dipolar loss reduces by a factor of two in the lattice potential (ml = +1
channel contributes in the 2D case and ml = 0 and ml = +1 channels contribute in
3D case). The overestimation of the number of collision channels may cause Q2 to be
overestimated by a factor of two, and this may be a part of the reason for the uncer-
tainty. However, this scenario needs to test by performing the same measurement with
an optical lattice which is aligned perpendicular to the quantization axis to make both
1The selection rule of |∆ml| = 1 is violated and ml = −2 is already not a p-wave state.
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Figure 7.8: The temperature dependence of Q2 at B − B0 = 15 mG (filled circles) and
B−B0 = 290 mG (filled triangles). the temperature dependence of Q2 for the near and far-
resonant regimes and is correctly reproduced from Eq. (7.24) as indicated by shaded curves.
The width of the shaded area shows the variation in the values of Q2 by changing ωz from
2pi×75 to 2pi×500 kHz. In the near-resonant regime, qT/qres > 1 with qT =
√
mkBT/(~2)
and qres = 1/
√
qe |A|, the loss rate constant approximately behaves as T−1 compared
with the 3D case in which the loss rate constant behaves as T−3/2. By contrast, in the
far-resonant regime, where qT/qres < 1, Q2 is expected to be proportional to T which is
similar to 3D case. This figure is taken from reference [159].
the ml = 0 and ml = ±1 channels active, and relative systematic error between these
two optical lattices should be much less than 50% to guarantee the enough resolution.
7.2.3 Temperature dependance
Now, we consider the temperature dependence of Q2 at small and rather large magnetic
field detuning conditions. Figure 7.8 shows the the measured values of Q2 as function of
temperature at B−B0 = 15 mG (filled circles) and B−B0 = 290 mG (filled triangles).
The two-body loss rate constant Q2 is insensitive to the confinement strength in the
strong-interaction regime. Therefore, we scanned the temperature of the quasi-2D
Fermi gas in the range shown in the Fig. 7.8 by changing the confinement strength ωz
from 2pi × 75 kHz to 2pi × 500 kHz. The shaded curves correspond to the theoretical
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results obtained using Eq. (7.24) by keeping all the parameters fixed and taking the
amplitude factor of  = 0.23± 0.02. The width of the shaded area shows the variation
in the values of Q2 by changing ωz from 2pi× 75 to 2pi× 500 kHz. A clear difference in
the temperature dependence of Q2 can be observed between the near- and far-resonant
conditions.
In the near-resonant regime on its negative side when Ap < 0, the dominated
contribution in Q2 comes from the momenta of atoms qres = 1/
√
Bp |A| close to the
resonance. Here, qres is momentum which define the binding energy E
2D
b = ~2q2res/m of
bound state in quasi-2D, and almost equivalent in magnitude to the binding energy of
bound state in 3D. In the near-resonant regime, thermal momentum of the atoms qT =√
mkBT/(~2) is higher than the qres i.e., qT/qres > 1. Therefore, we can replace q ≈ qres
everywhere in Eq. (7.23) except first square bracket [71]. Following the mathematical
steps similar to the case of 3D, thermally averaged peak value of two-body loss rate
constant can be derived in following simplified form
Qpeak2 =
32pi~
mBp
1
1 +A1q2res
×
(
qres
qT
)2
. (7.26)
Hence, the loss rate constant approximately behaves as T−1 compared with the 3D case
in which the loss rate constant has a T−3/2 dependence. Therefore, loss rate constant
as function of temperature falls faster in 3D compared to the quasi-2D case in the
near resonant regime as can be seen also in Fig. 7.5 and Fig. 7.8 for the data taken at
B −B0 = 15 mG.
By contrast, in the far-resonant regime, where qT/qres < 1, the whole denominator
of the Eq. (7.23) can be approximated equal to 1/Ap and results β2D = 16~q2A2p/(mA1).
Again this approximation strictly hold in the off-resonance regime. After performing
the thermal average using Eq. (7.24), it is straightforward to obtained
Qfar2 ≈
32~A2pkBT
~A1
. (7.27)
Therefore, Q2 is expected to be proportional to T [71] for the far-resonance case, which
is similar to the 3D case.1
1Most importantly, our findings in this work, which are the way to describe the p-wave dipolar-loss
quantitatively are common for any temperature regime. We used gas at a rather high temperature
(T/TF of around 1) for the sake of simplicity in the analysis, but the knowledge obtained in this work
applies to the gas at low temperature where temperature replaces the Fermi temperature with the same
scaling observed in this work [71].
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7.3 Comparison between qausi-2D and 3D
The temperature scaling of two-body loss rate constant in the near resonant regime is
different for the atomic clouds trapped in three and quasi-2D while essentially same in
the far-resonant regime. Apart from this, we now discussed the suppression of dipolar
losses in optical lattice and addressed the question that how essential is to use the
two-dimensional p-wave scattering amplitude.
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Figure 7.9: Magnetic field dependence data of two-body loss rate constant Q2 from
Fig. 7.7 (a) and (b) is re-plotted. The dashed curve shows Q3D2 ∝ K2/(
√
2pilz) with
values of Q2 using Eq. (7.10). The discernible deviation of the dashed curves from the
experimental results indicates that the loss coefficients cannot be explained by considering
the size scaling to the loss coefficients for the 3D case. Hence, two-dimensional p-wave
scattering amplitude described by Eq. (7.19) is essential to reproduce the atomic loss
features in the quasi-2D trap.
In order to relate the the atomic loss rate constant determined in the 3D measure-
ment to the atomic loss rate constant in 2D, we consider the rate equation of the atomic
density decay in the non-degenerated regime
dn(r)
dt
= −K2n(r)2 (7.28)
In quasi-2D gas atoms have temperature along x-y direction while extension of the cloud
along the confinement direction can be assumed Gaussian with width lz. Therefore, we
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can write density in the following form
n(r) =
N
pi3/2σxσylz
e
− x2
σ2x
− y2
σ2y
− z2
l2z . (7.29)
Therefore, integrating Eq. (7.28) along the lattice confinement direction results
dn2D
dt
= −Q3D2 n22D, (7.30)
where
Q3D2 =
K2√
2pilz
, (7.31)
which scale the atomic loss rate constant in 3D to the atomic loss rate constant in
quasi-2D unless additional properties of the loss mechanism are modified by the lattice
confinement. We compared Q3D2 with values of Q2 using Eq. (7.10) as shown by dashed
curves in Fig. 7.7 which clearly shows that the loss rate constant is suppressed in quasi-
2D compare with the 3D case. This suppression is predicted theoretically in Ref. [71].
Our experimental results (markers) in Fig. 7.7 show even smaller dipolar loss coefficients
than those which were theoretically predicted (solid curves in Fig. 7.7).
Now, we discuss the importance of using Eq. (7.19) to explain the experimental
results in quasi-2D. We compared Q3D2 ∝ K2/(
√
2pilz) with values of Q2 using Eq. (7.10)
to clarify whether the loss properties are different in the quasi-2D and 3D case other
than size-wise. We again considered the amplitude factor  as a free parameter to obtain
the best-fit result shown by dashed curves in Fig 7.9. The discernible deviation of the
dashed curves from the experimental results can be observed, indicating that the loss
coefficients cannot be explained by considering the size scaling to the loss coefficients
for the 3D case. Hence, two-dimensional p-wave scattering amplitude described by Eq.
(7.19) is essential to reproduce the atomic loss features in the quasi-2D trap.
7.4 Summary
In summary, we experimentally performed systematic studies of the two-body loss of
atoms in the vicinity of a p-wave Feshbach resonance using a two-component Fermi
gas of 6Li atoms confined in 3D and quasi-2D traps. The observed that the two-body
loss rate constants as functions of temperature and magnetic field can be explained
accurately by introducing an imaginary part to the inverse of the scattering volume.
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Our findings support the prediction of the loss suppression in 2D, and we experimentally
observed an even higher suppression than that predicted theoretically. Furthermore, it
is favorable to confine the atoms in the two-dimensional trap to remove the three-body
collision process at the high-density case.
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Chapter 8
Conclusion and Outlook
To conclude this thesis, We will first summarize the results obtained in the present
work. After that, we will discuss our future interests in three and two-dimensional
Fermi gases interacting through p-wave Feshbach resonance.
8.1 Conclusion
In this work, we have focused on strongly interacting ultracold fermionic atoms of 6Li
confined in three and two dimensions. In our experiment, we first trapped the atoms
in the magneto-optical trap and then transferred them into a confocal cavity optical
resonator to obtain large-volume optical dipole trap. Finally, we loaded the atoms into
an optical dipole trap created by a single focused beam, where we performed forced
evaporative cooling to realize either classical or degenerate Fermi gas. To realize quasi-
2D Fermi gas, we compressed the three dimensional Fermi gas in the single focused
beam trap along the quantization direction by shining an optical lattice potential,
which results in the formation of the number of two-dimensional layers. We applied
the standard adiabatic band mapping technique to prove that all the atoms are in the
motional ground state along the axial direction of the lattice. Thus, the atoms act as
two-dimensional gases.
In this three and quasi-2D ultracold atomic systems, the strong interactions were
launched using an externally applied magnetic field via p-wave Feshbach resonances.
There are three narrow p-wave Feshbach resonances in fermionic 6Li atoms. Out of
these three resonances, we utilized the two lowest magnetic field resonances. One is
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the |1〉 − |1〉 state p-wave Feshbach resonance in the lowest Zeeman state of the atoms
located at 160 G, and second is the |1〉−|2〉 state p-wave Feshbach resonance located at
184 G. The p-wave Feshbach resonances possess doublet structure due to dipole-dipole
interactions between two atoms in a p-wave Feshbach molecular state [46], which was
unresolvable in 6Li because of tiny splitting.
Therefore, in the first part of this study, we focused on developing a new tool of
optical lattice to control the interaction in selected angular momentum state of ml = ±1
in ultracold 6Li Fermi gas. For this purpose, we designed an optical lattice parallel to
the quantization axis that suppressed the motion of two colliding atoms along the
quantization axis. As a result, the coupling of the two-colliding atoms to the p-wave
molecular state of ml = 0 was suppressed and coupling to the ml = ±1 molecular state
was single out. To prove our ability to tune the interaction in angular momentum state
of ml = ±1, we created the p-wave Feshbach molecules by adiabatically ramped down
the magnetic field across the |1〉 − |1〉 state p-wave Feshbach resonance. After creating
the p-wave Feshbach molecules, we dissociated them by non-adiabatic ramped up of
the magnetic field. We observe the hollow-centered momentum distribution of atoms
dissociated from the Feshbach molecules as a clear sign that Feshbach molecules were
created dominantly in ml = ±1 angular momentum state.
We further confirmed our finding by measuring the dissociation energy of p-wave
Feshbach molecule created in three (a mixture of ml = 0 and ml = ±1) and two dimen-
sions (purely in ml = ±1). In the process of molecular dissociation, a p-wave molecule
in 3D dissociates into atoms flying in all three directions, and a p-wave molecule in
2D dissociates into atoms flying in x-y plane. The measured dissociation energies were
the same for the molecules created in the 2D and 3D traps indicating that the p-wave
molecules were created almost purely in the ml = ±1 states in the 2D trap, because
all the energy added goes in x-y plane. We quantitatively explained the measured
sub-linear dependence of the dissociation energy on the field ramp-up rate by our the-
oretical model based on rate equation that incorporates the decay of molecular bound
state through the centrifugal barrier. Resolving the doublet structure of the p-wave
Feshbach resonance in 6Li atoms is essential for precise characterization of resonance
and the creation of p-wave molecules can be considered as a precursor of the p-wave
superfluidity.
132
8.1 Conclusion
Furthermore, theoretical studies predicted the suppression of the inelastic collisions
losses by reducing the trap geometry to quasi-2D. The inelastic collisions play a crucial
role in the instability of the fermionic gases across the p-wave Feshbach resonance.
Therefore, in the second part of our work, we focused on the systematic study of the
inelastic collisions in three and quasi-2D. The two-body spin relaxation of fermions in
the presence of p-wave Feshbach resonance is one of the main inelastic processes that
shorten the lifetime of the Fermi gases as observed in experiments on 40K and 6Li Fermi
gas [53, 59]. Therefore, to perform the systematic study of spin relaxation losses, we
considered the two-component Fermi gas of 6Li atoms. In two-component Fermi gas,
the atoms in the spin state |2〉 flipped into the ground state |1〉 in the presence of
|1〉 − |2〉 state p-wave Feshbach resonance and released Zeeman energy results in the
loss of atoms from the trapped.
First, we measured the spin relaxation rate constant as a function of density, inter-
action strength and temperature in 3D. We concluded from the density dependence of
the spin relaxation rate constant that the additional losses due to three-body processes
can be ignored at the density of atoms below the critical value. The behavior of the
spin relaxation rate constant as a function of interaction strength and the temperature
was successfully explained by the theory that incorporates the imaginary part to the
inverse of the scattering volume in the scattering amplitude [71].
After that, we measured the spin relaxation rate constant as a function of density,
interaction strength, and the temperature in quasi-2D (dominant ml = ±1 interaction).
From the density dependence, we observed that the three-body collision losses are
one order smaller in quasi-2D than 3D and are irrelevant compared to the two-body
relaxation in the case of atoms trapped in quasi-2D. Similar to the 3D case, the p-wave
scattering amplitude for two-dimensions well described the temperature and interaction
strength dependence of the two-body relaxation rate constant. Our findings of the two-
body relaxation support the prediction of the atomic loss suppression in quasi-2D. We
experimentally observed an even higher suppression than that predicted theoretically.
Finally, the ability to resolve the doublet structure of the p-wave Feshbach reso-
nance, the creation of the p-wave Feshbach molecules, and observation of the atomic
loss suppression in quasi-2D may provide a promising strategy towards the realization
of a p-wave superfluids in a system of ultracold atoms. Furthermore, detailed study
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Figure 8.1: Three body loss coefficient as a function of magnetic field detuning in one-
component 3D Fermi gas. Two distinct regimes with different scaling exists similar to the
two-body relaxation measurement as discussed in the previous chapter. The green shaded
area shows the weakly interacting regime [61] while the red shaded area with no magnetic
field dependence shows the unitarity regime [144].
of elastic and three-body inelastic collisions are also required for promising strategy
towards p-wave fermionic superfluids.
8.2 Outlook
Now we discussed the possible future direction of our research that can be extended
from the understanding of the research done in this work.
8.2.1 Three body recombination in 3D
In the present work, we mainly focused on the two-body elastic and inelastic collisions in
the p-wave Fermi gas of 6Li atoms. Two-body elastic collision process allows us to create
and dissociate the p-wave Feshbach molecules. Scattering amplitudes well describe two-
body inelastic losses that occur due to the spin relaxation. However, two-body spin
relaxation is not the only mechanism for the instability of the p-wave fermionic gases.
The other mechanism is the three-body recombination losses in one component Fermi
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gases. This three-body recombination process plays an active role not only in the
instability of the fermionic gases but also a useful probe of few-body physics.
The three-body recombination process is complicated and harder to explain com-
pared to the two-body spin relaxation losses. However, the systematic study of two-
body spin relaxation losses provide some insightful clues to explain the three-body
recombination process. For example, in chapter 7, we have seen that the two-body
relaxation rate constant has a drastically different temperature dependence in the near-
resonant regime compared to the far-resonant regime. This feature naturally lead us to
think, can we observe some simple scaling behaviors of the three-body recombination
constant K3 in the near-resonant and far-resonant regime? Because, sometimes, rela-
tively simple scaling laws can impart clues to some fundamental aspects of the complex
system.
In the weakly interacting regime or far-resonant regime, where kT/kres  1, the
Wigner threshold law predicted that K3 ∝ T 2 [64]. Combining this law in dimensional
analysis, it was predicted that the scaling of
K3 ∝ ~
m
k4TV
8/3
p (8.1)
should be hold in the weakly interacting regime [64]. In Fig. 8.1, we show K3 versus
magnetic field detuning B − B0 at the temperature of 4.5 µK in the lowest internal
state |1〉 of 6Li atoms. The green shaded area shows the weakly interacting regime. In
this weakly interacting regime, the black solid curve indicates the scaling of K3 ∝ V 8/3,
which was the subject of the previous experimental research in our group [61].
Figure 8.1 shows that the three-body loss coefficient rapidly enhanced and began
to deviate from the scaling law. This deviation grows more toward resonance until
the limit imposed by the maximum, where kT/kres ≥ 1. At this point, K3 shows no
magnetic field dependence similar to the unitary Bose gas. Therefore, in analogy to
unitary Bose gases, we referred this regime as a unitarity regime and is shown by red
shaded area in Fig. 8.1. In this unitarity regime, three-body loss coefficient is predicted
to obey the following universal temperature scaling law [64, 65]
Kmax3 = λ×
36
√
3pi2~5
m3(kBT )2
. (8.2)
Here, λ ≤ 1 is a non-universal dimensionless constant whose unity value indicates the
maximum upper bound of the three-body loss constant. The value of λ is generally
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less than unity and is species dependent [9, 161]. The deviation in the behavior of the
three-body loss coefficient from the weakly interacting regime has been observed in 6Li
atoms [48]. Since the first quantitative study of the three-body loss coefficient at the
strongly-interacting regime [48], further systematic investigation of the three-body loss
coefficient has been awaited to fully understand the unitarity-limited behavior of three-
body loss at the p-wave strongly-interacting regime1. The unitarity-limited behavior
of three-body loss in a strongly interacting p-wave Fermi gas has importance due to
its relevance for the neutron physics inside the neutron stars because of sharing sym-
metry. As for as the intermediate regime is the concern, the Breit-Wigner theoretical
model described in section 5.3 (see Eq. (5.24)) can explain it. Nevertheless, similar
to the two-body relaxation losses, a unified theoretical description for the three-body
recombination requires future theoretical studies.
8.2.2 Three body recombination in quasi-2D
Identical fermions are predicted to display an infinite tower of bound states of orbital
angular momentum ml = ±1 in two-dimensions at p-wave Feshbach resonance and
their binding energies obey a universal doubly exponential scaling [72]. Hence, our
2D experimental setup has an appealing interest towards few-body physics. In this
direction, the first important initiative is the observation of the scaling laws for the
three-body recombination. These scaling laws provides the understanding of few-body
collision behaviors [77], stability in quasi-2D traps [41, 69]. More importantly to deduce
the signature of super-Efimov effect from the breakdown of the scaling laws similar to
the case of identical Bosons with s-wave interaction [10] 2.
Similar to the 3D case, we expect two distinct extremes of the near- and far-resonant
regime. In the unitarity regime, only relevant length scale should be thermal wave
vector qT =
√
mkBT/~2. Then, using the dimensional analysis, expected scaling of
three-body recombination rate in 2D is
Qmax3 ∝
3pi~3
m2(kBT )
. (8.3)
1Very recently, we published the results of the unitarity-limited three-body collision losses, for detail
see Ref [144].
2We already verified the expected three-body scaling in the experiment performed in 2D. However,
we are not able to see the signature of super-Efimov effect. These results are unpublished.
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Here, Q3 define the three-body recombination rate constant for 2D case.
In the weak-resonant region, Q3 depends on the temperature and as well as the
scattering area compared to the unitarity region. In the weak-resonant region temper-
ature threshold law can be written as Q3 ∝ T λmin [77]. Here λmin = 2 is quantum
number associated with the dominated lowest three-body continuum channel in the
low energy limit for three identical fermions in 2D. Therefore, using the dimensional
analysis similar to the 3D case, we expect the following scaling law
Q3 = η
~
m
q4TA
3
p. (8.4)
In analogy with s-wave interactions [10], dimensionless constant η may have additional
scattering area dependance. Three-body bound states might be reflected in a uni-
versal doubly exponential scaling behavior of η, which is challenging to detect in the
experiment.
8.2.3 Three-body Contact with p-wave interactions
From our observation of the three-body recombination losses in two-dimensional Fermi
gas of 6Li atoms with ml = ±1 interactions at p-wave Feshbach resonance it is challeng-
ing and almost impossible to identify the sharp peaks of super-Efimov states. However,
we hope that there is also another possible way to reveal the signature of the super-
Efimov effect indirectly. This possible way is the measurement of the three-body Con-
tact with p-wave interactions, which is the consequence of the underlying super-Efimov
effect in the many-body system. We will briefly discuss our future motivation in this
direction.
The heart key of the interacting systems is correlations. Shina Tan introduces a
universal quantity called Contact [162, 163, 164] for the case of s-wave interactions.
This quantity directly links thermodynamic properties and the underlying interactions
regardless of temperature, density, or interaction strength. Moreover, it quantifies the
strength of the two-particle correlation function at short range. The generalization
of contact for p-wave interacting gases have been done theoretically to explain the
distinct two-body correlation structures [165, 166, 167, 168], and finally discovered
experimentally in 40K gas close to p-wave resonances [54]. Recently, the three-body
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Figure 8.2: Schematic of the experimental Ramsey procedure to measure three-body
contact in two dimensional Fermi gas of 6Li with p-wave interactions in ml = ±1 state.
contact Cθ for a two-dimensional gas of identical fermions close to a p-wave interaction
resonance have been introduced [76]:
Cθ =
∂E
∂θ
, (8.5)
which is a derivative of the system energy and is the consequence of the underlying
super-Efimov effect in the many-body system. The quantity Cθ measures the prob-
ability of three fermionic atoms being close to each other. This quantity Cθ is an
analog of the three-body contact C3 with s-wave interaction in Bose gases which give
rise to observable three-body correlations due to Efimov effect [169, 170] and observed
successfully in the experiment [171, 172].
Our two-dimensional experimental system with ml = ±1 p-wave interactions is a
useful platform to explore the proposed three-body correlations with p-wave interac-
tions. Here, we proposed the possible experimental scheme to detect the three-body
contact based on radio-frequency (RF) Ramsey interferometry similar to the case of
three-body contact in the unitary Bose gase [172] as schematically shown in Fig. 8.2.
Therefore, use of |2〉 − |2〉 state p-wave Feshbach resonance located at 214 G might
be more convenient to performed RF-Ramsey interferometry. As we already observed
that three-body and two-body relaxation losses significantly suppressed in 2D system.
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As a result, the effect of atomic losses will be minimized. Initially, prepare a 2D Fermi
gas in the state |1〉 and ramp the magnetic field near the |2〉 − |2〉 state p-wave Fesh-
bach resonance where interaction between the |1〉 state atoms will be negligible. Then,
quenched many-body interactions can be launched by creating an equal superposition
of |1〉 and |2〉 state using pi/2 RF-pulse. During optimized evolution time, the |2〉 state
wave function of the atom will accumulate a phase ϕ because of interactions with the
other |2〉 state components in the surrounding cloud similar to the impurities in Fermi
sea [173]. The rate of phase accumulation Ω = ∂ϕ/∂t can be related to the two- and
three-body p-wave contact [76] which should reflect many-body correlations that would
develop in a purely |2〉 state system with half the total density. Meanwhile, the |1〉
component will serve as a noninteracting phase reference that will allow to read out ϕ
by interferometry. As a result, ϕ can be mapped onto a spin-population imbalance by
a second pi/2 RF-pulse and can be measured directly.
8.2.4 p-wave superfluidity
Ultimately, the final goal of Fermi gases with p-wave interactions is to achieve a p-
wave paired superfluid states. Such an unconventional superfluid would be extremely
interesting for possibilities for quantum phase transitions and non-Abelian topological
excitations as explained in the introduction part. Two- and three-body collision losses
posses sever challenges to realize such an exotic superfluid phase till today. In that
sense, suppression of inelastic collision losses in our 2D Fermi gas of 6Li is the positive
step toward this goal. We have shown that three-body losses reduce approximately by
one order of magnitude in the two-component Fermi gas confined in quasi-2D. There-
fore, confining one-component Fermi gas in quasi-2D is may be more promising because
the contribution of two-body spin relaxation losses naturally eliminated due to Pauli
exclusion principle and only left three-body loss processes are suppressed.
The inelastic collisional properties of the atoms studied in the current work as
well as the full elastic collisional properties are also crucial toward the realization of
p-wave superfluid. Since theoretical investigation predicted the further suppression of
the dipolar loss in one dimension [71], therefore, confining the atoms in one dimension
may provide the way to achieve p-wave superfluid in cold atom systems. Neverthe-
less, achieving p-wave fermionic superfluidity is still far and challenging because more
significant suppression of inelastic collisions may be required. However, it is not the
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end of the story, because suppression of inelastic collision losses in 2D Fermi gas will
enhance the feasibility of exploring interesting many-body physics at the same time as
the inelastic decay processes similar to the strongly interacting Bose gases.
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